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ABSTRACT 


This  study  was  performed  under  Bureau  of  Naval  Weapons  Contract 
NOw  6l-G963-d# 

Hie  primary  objective  of  this  study  was  to  determine  the  feasibility 
of  performing  elevated  temperature  structural  tests  at  room  temperature 
by  modifying  the  applied  loads#  Since  this  amounts  to  increasing  the 
applied  loads  by  some  factor,  the  basis  for  defining  this  factor  for  a 
given  cross-section  and  temperature  environment  could  be  questionable# 

A  number  of  tests  have  been  performed  in  this  manner  when  moderate 
temperatures  and  temperature  distributions  were  involved# 

Therefore,  it  was  the  purpose  of  this  study  to  investigate,  both 
analytically  and  experimentally,  some  means  whereby  applied  load  ratios 
at  room  temperature  could  be  used  to  satisfactorily  verify  strength  and 
permanent  set  characteristics  of  the  structure  in  any  elevated  temperature 
environment#  The  cross-section  strain  design  procedures  which  provide 
the  load-deformation  curve  of  the  cross-section  seem  to  provide  a  rational 
means  to  establish  the  applied  load  ratios  for  a  given  structure  for  any 
temperature  environment#  The  advantage  of  this  type  of  procedure  is  that 
it  allov;s  for  the  following  factors  which  must  be  allowed  for  in  any 
simulation  factor  or  applied  load  ratio# 

1#  Variation  of  material  properties  through  the  cross-section 
is  allowed  for,  including  the  effects  of  previous  complex 
temperature  exposure  histories# 

2#  The  effects  of  thermal  stresses  on  the  load-deformation 
characteristics  are  included  and  the  temperature-load 
sequence  is  considered# 

3#  Inelastic  stress-strain  relationships  are  allowed  for  by 
the  Raraberg-Osgood  stress-strain  curve# 

4#  Creep  effects  can  be  allowed  for  by  using  an  isochronous 
stress-strain  curve  represented  by  the  Ramberg-Osgood 
equation# 

5#  The  non-linear  effects  of  element  buckling  are  included# 

6#  Any  combination  of  materials  in  the  cross-section  is 
allowed  for# 

Structural  tests  of  bending,  short  column  (crippling),  long  column, 
and  thermal  cycling  (bending)  specimens  were  performed  under  a  number 
of  non-uniform  temperature  distributions#  Experimental  load-deformation 
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curves  w  re  obtained  and  compared  with  calculated  Curves,  Applied  load 
ratios  showed  generally  good  agreement,  with  the  calculated  ratios  being 
slightly  conservative#  Comparison  is  also  made  with  some  simple  ratios 
which  illustrates  the  strong  influence  of  material  properties  and  the 
over-emphasis  which  might  be  placed  on  the  thermal  stresses# 

The  strain  design  procedures  shown  provide  not  only  a  rational  means 
to  define  the  test  applied  load  ratio  for  room  temperature  simulation, 
but  the  analytical  means  for  structural  analysis  and  design  as  well# 
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SYMBOLS 

or 

= 

coefficient  of  linear  thermal  expansion,  3n./in./°F 

P 

s 

radius  of  gyration,  in. 

An 

r 

area  of  element  n,  in*2 

b 

s 

distance  from  centroid  of  cross  section  to  extreme 
fiber  in  x-dlrecticn,  in. 

bn 

s 

width  of  plate  element  number  n,  in* 

bne 

r 

effective  width  of  plate  element,  number  n,  in. 

c 

r 

distance  from  centroid  of  cross  section  to  extreme 
fiber  in  x-direction,  in. 

Cn 

s 

effective-area  factor  for  buckling  of  element  number  n 

Clx 

c 

deflection  coefficient  for  beam  column  with  compression 
applied  load 

cap 

£ 

elastic  applied-axia 1-load  strain,  in. /in. 

ecrn 

r 

critical  compression  buckling  strain  of  element  number  n, 
in. /in. 

©m 

= 

critical  element  strain,  in. /in. 

©n 

r 

strain  associated  with  the  stress  at  centroid  of 
element  number  n,  in. /in. 

©no 

s 

shift  of  origin  of  stress-strain  curve  for  element  n, 
in. /in. 

eP 

= 

nonlinear  part  of  the  axial  strain,  in. /in. 

epn 

£ 

nonlinear  part  of  the  strain  of  clement  number  n,  in. /in. 
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SYKBOLS  (Con't.) 


eps 

e*p 

eTn 

E 

En 

Fapn 

Fn 

Eyn 

I 

K 

Fax 

Fapx>  Fapy 
Fix 

Fpx>  Fpy 

FTx,  F^ 

Fwx 

L 


-  permanent-set  strain  after  load  and  temperature  are 
removed,  in. /in. 

*  elastic  thermal  axial  strain,  in. /in. 

-  elastic  thermal  strain  on  element  number  n,  in. /in* 

=  modulus  of  elasticity,  lbs* /in. ^ 

r  modulus  of  elasticity  for  element  number  n,  lbs. /in, 2 

=  elastic  applied  stress  on  element  number  n,  lbs. /in. 2 

=  stress  on  element  number  n,  lbs. /in. ^ 

s  yield  stress  of  element  number  n  at  temperature  of 
element  n,  Ibs./irt.^ 

s  moment  of  inertia,  in.^ 

2  compression  buckling  coefficient 

=  net  bending  moment  strain,  in. /in. 

c  elastic  rotation  angles  produced  by  applied  bending 
moments  about  coordinate  axes  x  and  y,  iru/in. 

*  moment  strain  term  for  initial  deflection  or  eccentr icity, 
in. /in. 

=  rotation  angles  produced  by  nonlinear  effects  about 
coordinate  axes  x  and  y,  in. /in. 

«  elastic  rotation  angles  produced  by  temperature  distri¬ 
bution  about  coordinate  axes  x  and  y,  in. /in. 

s  deflection  moment  strain,  in. /in. 

c  effective  column  length,  in. 
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SYMBOLS  (Con't.) 


m 

Mapx 

M*ry 

My,  My 

P 

T 

*n 

w 

*n 

*nR 

yn 

7nR 


*  exponent  for  Ramberg-Osgood  stress-strain  curve 
depending  upon  material  and  temperature 

a  applied  bending  moment  about  the  x-axis,  in* -lbs* 

r  temperature  moments  about  coordinate  axes  x  and  y,  in*-lbs 

*  bending  moments  about  coordinate  axes  x  and  y,  in*-lbs* 

a  applied  axial  load,  lbs* 

*  temperature,  °F 

=  thickness  of  plate  element  number  n,  in. 

=  deflection,  in. 

c  distance  from  centroid  of  cross  section  to  centroid  of 
element  number  n  in  x-direction,  in. 

z  distance  from  y  reference  axis  to  centroid  of  element 
number  n,  in. 

c  distance  from  centroid  of  cross  section  to  centroid  of 
element  number  n  in  y  direction,  in. 

s  distance  from  x  reference  axis  to  centroid  of  element 
number  n,  in. 


Subscripts 


ao 

s 

applied  load  or  moment 

5 

n 

step  in  temperature-load  sequence 

m 

s 

element  with  maximum  strain 

n 

r 

number  of  the  element  on  the  cross  section 

P 

s 

nonlinear  effects  (buckling,  inelastic 
stress-strain  curve,  change  in  elastic 
to  temperature) 

portion  of 
modulus  due 
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Subscripts  (Conft#) 


ps  r  permanent  set  after  load  and  temperature  removal 

r  r  iteration  step 

T  s  thermal  load  or  moment 

x,y  «  about  corresponding  coordinate  axes  x  and  y 

z  s  in  the  direction  of  the  length  of  the  column 


h-  I6*G*  1 


NORTH  AMERICAN  AVIATION,  INC. 
COLUMBUS  DIVISION 
COLUMBUS  16,  OHIO 


NA62H-973 

Page  5 


(b)  Gatewood,  B.  E#,  The  Problem  of  Strain  Accumulation  Under 
Thermal  Cycling,  Journal  of~the^ Aero/Space  Sciences, 

Vol.  27,  No.  67  June  i960 

(c)  Gatewood,  B.  E.,  and  Gehring,  R.  W.,  Allowable  Axial  Loads 
and  Bending  Moments  for  Inelastic  Structures  Under  Nonuniform 


enrperature  Distribution,  Journal  of  the  Aero/Space  Sciences, 


Vol.  29,  No.  5#  May  19b2 

(d)  MIL-HDBK-5,  Strength  of  Metal  Aircraft  Elements,  March  1961 

(e)  Apodaca,  D.  R.,  Design  Curves  for  Effects  of  Complex  Thermal 
Exposures  on  Aluminum  Alloys,  General  Materials  Information  - 


Phase  III,  Final  Progress  Report,  Northrop  Corporation 
{Nora i rl  Report  No .  N0R62 -17 ,  Contrac  t  AF33(6l6)-8l40, 
Project  Nrs  1(8*7381),  Task  Nr:  73812,  15  February  1962 

(f)  Ramberg,  W.,  and  Osgood,  W.  R.,  Description  of  Stress-Strain 
Curves  by  Three  Parameters,  NACA  T.N.  902#  July  19^3 

(g)  Hackman,  L.  E.,  Generalized  Honeycomb  Thermal  Stress  Study, 
North  American  Aviation,  Inc.  Report  No.  Na6iH-755,  Bureau 
of  Naval  Weapons  Contract  NOw  61-0355-^,  November  1962 

(h)  Gatewood,  B.  E,,  and  Gehring,  R.  W.,  Inelastic  Redundant 
Analysis  and  Test  Data  Comparison  for  a  Heated  Ring  Frame, 


Journal  of  the  Aero/Space  Sciences,  Vol.  29#  No.  3,  March  1962 

(i)  Peery,  D.  J.,  Aircraft  Structures,  McGraw-Hill  Book  Co.,  Inc., 
New  York,  1950 

(j)  Breitenbach,  M.  J.,  The  Buckling  and  Ultimate  Strength  of 
Structural  Shapes  in  Compression,  Proceedings  of  the 
AEROSPACE  FORUM  I  SESSION,  Sherman  M.  Fairchild  Fund  Paper 
No.  FF-30,  Presented  at  the  IAS  30th  Annual  Meeting,  New 
York,  N.  Y.,  January  22-24,  1962 


1 


North  American  Aviation,  Inc. 

COLUMBUS  DIVISION 
COLUMBUS  16.  OHIO 


NA62H-973 
Page  6 


1,0  INTRODUCTION 

The  static  test  of  aircraft  and  missile  components  has  two 
specific  functions;  first,  to  determine  load-deformation  find 
permanent  set  characteristics,  and  second,  to  determine  the  ultimate 
load  carrying  capacity  of  a  structural  component#  For  aircraft  and 
missiles  operating  essentially  in  a  room  temperature  environment, 
the  loads  on  the  various  components  are  applied  by  some  external 
source  and  consequently  may  be  duplicated  satisfactorily  in  the 
structures  laboratory#  However,  those  vehicles  operating  in  Mach 
No.  -  altitude  regions  where  aerodynamic  heating  produces  severe 
structural  temperatures  and  non-uniform  temperature  distributions 
present  an  entirely  different  problem  of  static  test#  Considering 
that  the  critical  flight  conditions  have  been  established  using 
the  Mach  No#  -  altitude  -  load  factor  histories  of  the  vehicle, 
the  static  tests  must  allow  for  the  structural  temperatures  as 
veil  as  the  external  applied  loads#  These  structural  temperatures 
produce  material  properties  reduction  on  many  of  the  major  elements 
of  a  structural  cross-section  in  addition  to  an  internal  load 
system  produced  by  a  non-uniform  temperature  distribution  through 
the  cross-section#  The  question  then  arises  as  to  whether  it  is 
necessary  to  duplicate  as  closely  as  possible  not  only  the  applied 
loads  but  the  temperature  environment  as  well  during  static  test 
of  airframe  components#  An  alternative,  which  has  been  used  by 
some  contractors,  is  to  increase  the  applied  loads  by  some  specified 
amount  to  account  for  reduced  material  properties  and  thermal 
stresses  and  perform  the  static  tests  at  room  temperature#  It  i3 
the  purpose  of  this  study  to  determine,  in  part,  the  feasibility  of 
room  temperature  simulation  and  the  validity  of  applied  load  ratios# 

The  duplication  of  the  true  applied  loads  and  temperature 
environment  for  a  static  test  condition  on  any  component  is  extremely 
difficult  and  complex  and  requires  consideration  of  three  particularly 
critical  items#  The  first  two  items  are  the  additional  tine  required 
to  perform  static  tests  in  an  elevated  temperature  environment  and 
the  increased  expenses  incurred  by  the  increase  in  engineering  man¬ 
hours  and  additional  equipment  required  due  to  the  elevated  temper¬ 
atures.  The  question  also  arises  as  to  whether  the  exact  load  and 
temperature  environment  can  be  duplicated  accurately  enough  to 
Justify  the  additional  time  and  expense.  On  large  airplane  or 
missile  components  the  accurate  duplication  of  load  and  temperature 
environment  may  be  quite  difficult  to  achieve  for  the  following 
reasons#  First,  the  temperature  and  load  applications  must  be  made 
either  sequentially  or  simultaneously;  in  either  case  thi3  necessitates 
the  presence  of  heating  and  loading  devices  in  the  same  area  simul¬ 
taneously#  Even  assuming  that  this  can  be  accomplished  satisfactorily, 
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the  loading  devices  (pads,  formers,  etc*)  represent  local  heat 
sinks  of  high  heat  capacity,  making  it  virtually  impossible  to 
duplicate  the  structural  temperature  distributions  as  accurately 
as  would  be  required*  Since  the  data  obtained  from  the  test  is 
of  primary  importance  the  complexity  of  the  elevated  temperature 
static  test  is  expanded  considerably  by  the  amount,  type,  and 
doubtful  accuracy  of  the  instrumentation  required  in  such  a  test* 

To  determine  the  temperature  distributions  throughout  the  structure 
vasb  numbers  of  thermocouples  would  be  required  and  this  data  must 
be  monitored  during  the  test  as  a  constant  check  on  the  local 
temperatures  and  temperature  distributions*  Futhermore,  strain 
measurements  must  be  taken  at  many  locations  throughout  the 
structure  requiring  the  use  of  elevated  temperature  strain  gages 
since  the  use  of  electro-mechanical  extensometers  presents  installa¬ 
tion  and  accessibility  problems*  The  additional  expense  of  elevated 
temperature  strain  gages  in  sufficient  quantity  may  not  be  warranted 
when  the  accuracy  of  the  data  is  questionable  because  of  the  inability 
to  maintain  desired  temperature  distributions*  The  present  state-of- 
the-art  requires  specific  installation  techniques  for  elevated 
temperature  strain  gages.  Th^e  techniques  require  temperature¬ 
time  curing  histories  which  not  only  add  to  complexity  and  test 
phase  time,  but  may,  in  some  cases  with  aluminum  alloy,  produce 
permanent  losses  of  material  properties  which  must  be  accounted  for 
in  the  analysis  of  test  data  and  results.  Overall  structural 
deflections  would  also  present  a  serious  problem  when  rods,  wires 
and  other  equipment  may  be  in  close  proximity  to  the  heat  lamps. 

In  addition,  the  effects  of  thermal  cycling  could  only  be  determined 
by  the  expensive,  time-consuming  procedure  of  sequentially  heating 
and  cooling  the  structure.  This  procedure  requires  that  strain 
data  be  monitored  in  addition  to  temperature  data  to  determine  when, 
and  if,  elastic  shakedown  has  occurred.  Remote  and/or  automatic 
testing  and  data  recording  equipment  is  required  due  to  the 
particularly  hazardous  nature  of  elevated  temperature  tests. 

It  is  also  doubtful  if  a  single  contractor  would  have  the  full 
capability  of  testing  large  components  at  elevated  temperature  for 
some  time.  The  establishment  and  maintenance  of  complete  elevated 
temperature  testing  facilities  by  each  contractor  must  be  absorbed 
in  the  cost  of  future  vehicles  and  the  duplication  of  complete 
facilities  may  be  quite  inefficient  since  some  may  remain  idle  for 
long  periods. 

Since  some  contractors  have  performed  simulated  elevated 
temperature  tests  at  room  temperature  using  additional  factors  on 
the  applied  loads,  it  is  essential  that  the  validity  of  these 
factors  be  determined.  If  room  temperature  simulation  of  elevated 
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temperature  static  tests  is  considered  feasible,  it  is  equally 
essential  that  the  applied  load  ratios  be  established  by  some 
rational  procedure  which  allows  for  material  property  variation 
and  the  presence  of  temperature  induced  loads  (thermal  stresses) 
for  any  structure  in  any  temperature -load  environment.  The  use  of 
these  applied  load  ratios  must  allow  sufficiently  accurate  room 
temperature  static  tests  to  be  performed  to  prove  the  structural 
integrity  of  an  airfame  in  an  elevated  temperature  environment* 
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2  JO  OBJECTIVES 

The  prinary  objective  or  this  study  was  to  investigate  the 
feasibility  of  simulating  elevated  temperature  static  tests  at 
room  temperature  and  the  use  of  applied  load  ratio  procedures 
presently  being  used,  A  secondary  objective  was  to  investigate 
some  rational  means  of  establishing  applied  load  factors  which 
would  account  for  the  various  factors  affecting  both  the  elevated 
temperature  and  room  temperature  strength  and  deformation.  It 
was  also  necessary  to  establish  vnat  additional  problems  might  be 
encountered  in  performing  the  elevated  temperature  tests  and 
evaluating  data  from  those  tests.  With  7075-T6  aluminum  alloy 
selected  as  the  material  for  the  test  specimens  the  material 
properties  variation  became  a  significant  factor  as  higher  test 
temperatures  and  complex  temperature  exposure  histories  affected 
the  recovery  of  the  basic  material  properties.  Therefore,  an 
important  secondary  objective  was  to  investigate  the  difficulties 
of  data  evaluation  and  theoretical  analysis  when  severe  temperature¬ 
time  environments  are  present. 

Since  the  majority  of  static  test  failures  occur  in  com¬ 
pression  members  the  study  was  restricted  to  bending  and  axial 
load  where  the  failures  would  be  precipitated  by  local  instability. 
Furthermore,  compression  failures  are  affected  to  a  greater  degree 
by  the  presence  of  thermal  stresses  than  a  straight  tension 
failure,  particularly  when  local  buckling  is  involved*  The  test 
specimens  selected  for -the  experimental  portion  of  the  program  were 
built-up  box  specimens  using  plate  element  tyt  values  within  the 
range  of  present  aircraft  wing  and  empennage  structures.  Bending, 
crippling,  and  long  column  specimens  were  tested  to  obtain  load- 
deformation  data  based  on  extreme  fiber  strain  data,  and  overall 
foreshortening  data  in  the  case  of  the  long  columns. 

It  was  also  questionable  whether  the  effects  of  strain  accumu¬ 
lation  produced  by  temperature  cycling  at  high  loads  could  be 
adequately  represented  by  a  single  static  test  at  room  temperature. 
This  type  of  environment  is  generally  representative  of  pressurized 
fuselages  at  high  Mach  numbers. 

Essentially,  then,  the  combined  analytical-experimental 
program  performed  during  this  study  was  to  investigate  applied  load 
ratio  simulation  at  room  temperature  by  considering  the  critical 
factors  affecting  the  applied  load  ratio  at  any  desired  offset 
strain  (permanent  set),  maximum  desired  strain,  or  at  ultimate 
(failure).  The  major  factors  affecting  the  definition  of  any 
applied  load  ratio  are: 
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1#  Variation  of  material  properties  through  the  cross- 
section  where  the  reduction  of  material  properties  on 
any  structural  element  must,  in  some  cases,  allow  for 
the  effects  of  previous  complex  temperature  exposure 
histories* 

2*  The  effects  of  thermal  stresses* 

3#  Inelastic  stress-strain  relationships. 

Buckling* 

5.  Possible  use  of  mixed  materials. 

The  strain  design  procedures  described  in  Section  3*0  allow  for 
these  factors  and  constitute  the  major  analytical  effort  in  this 
study.  The  significance  in  the  use  of  strain  design  procedures, 
aside  from  allowing  for  inelastic  effects,  etc.,  lies  in  the  fact 
that  the  elevated  temperature  and  room  temperature  load-deforma¬ 
tion  curves  are  defined  on  a  single,  compatible  basis. 

Some  simulation  testing  has  been  performed  using  applied 
load  ratios  based  on  material  properties  reduction  at  elevated 
temperature.  For  some  of  the  more  severe  temperature  environments 
producing  significant  thermal  stresses  some  additional  factors 
have  been  included  in  the  applied  load  ratio  to  account  for  the 
elastic  thermal  stresses.  Therefore,  it  was  also  the  objective  of 
this  program  to  investigate  the  validity  of  these  simplified 
ratios. 
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3.0  THEORETICAL  ANALYSIS 


For  the  assumption  that  a  cross-section  of  a  structural 
component  remains  plane  at  all  times  except  near  cut-outs  or 
near  the  ends  of  a  beam,  the  strain  equations  may  be  written 
for  the  structural  elements  in  the  cross-section  for  any  com¬ 
bination  of  temperature  and  load  or  for  any  temperature-load 
sequence.  These  strains  and  the  associated  stresses  obtained 
from  the  Ramberg-Osgood  representation  of  the  stress-strain 
curve  for  each  element  provide  the  data  for  constructing  the 
load-deformation  curve  of  the  entire  cross-section.  The  pro¬ 
cedures  shown  include  temperature  variation  through  the  cross- 
section,  mixed  materials,  material  property  variation,  local 
instability,  column  instability  (including  any  local  instability 
effects),  and  inelastic  stress-strain  relationships.  The  load- 
deformation  curves  of  Section  4#0  which  are  constructed  for  the 
entire  cross-section  reflect  the  presence  of  the  aforementioned 
effects  on  each  element  in  the  cross-section.  The  following 
procedure  is  basically  that  shown  in  References  (  a  )  and 
(  c  )  with  minor  modifications. 

3fl  STRAIN  EQUATIONS 


The  strain  of  any  element  in  the  cross-section  consists 
of  the  sum  of  the  elastic  thermal  strain,  the  elastic  applied 
axial  load  and  bending  moment  strains,  and  a  correcting  linear 
strain  term  to  account  for  all  inelastic  effects  as  shown  in 
Eq.  (3.1.1). 


.  aPn  , 

6n  ®Tn  +  En  +  e 


Pn 


where, 


and, 


En 


=  ®ap  +  Kapx 


[n  +  K, 


*Pn=ep  +  KPx  % +  KaPy 


apy 

*n 

'b 


7  (3.1.1) 


is  the  elastic  thermal  strain, 


^Pn/En 


is  the  elastic 


applied  axial  load  and  bending  moment  strain,  and  epn  is  the 
correcting  term  for  all  inelastic  effects.  eap  is  an  elastic 
applied  axial  load  strain  and  and  Kap  are  elastic  applied 
bending  moment  strains  about  orthogonal  ax£s  x  and  y,  respec¬ 
tively.  ep,  KpX,  and  Kpy  are  the  correcting  axial  and  bending 
strains  for  inelastic  effects.  and  yn  are  distances  from 
the  elastic  centrcid  of  the  cro3s-section  to  the  centroid  of 
element  n,  and  b  and  c  are  the  maximum  values  of  x  and  y,  re¬ 
spectively. 
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The  elastic  thermal  strain. in  Eq.  (3.1.1)  is 
®Tn  =  -  (*T)n  +  eT  +  +KTy^g  1 


where , 


eT  =%£n 

(W)n  A„ 

ZEnAn 

Kt  =  c 

Mrx  (Ely)  -  MTV  (Elyy) 

A 

(EIjj)  (E]y>  -  (EIxy)2 

%  =  b 

%y  (EIx)  -  «TX  (EIxy: 

y 

(EIX)  fely)  -  (EIxy)2 

>  (3.1.2) 

I 


In  Eq,  (3*1.2)  the  thermal  moments  and  the  elastic  bending 
stiffness  parameters  are 


MTX  (°^)n  ^n  ^n 

(EIX)  ~ZEnAnyn 


•  \  *&»  <««»  V» 

(Ely) 


(3.1.3) 


(EIXy)  -ZEnAnxnyn 


The  values  of  xn  and  yn  are  calculated  from  reference  axes 
xR  and  yR  by 


X«  Xi 


nR 


_  Z^n^n’ 


■nR 


ZVn 


yn 


•Z^n^nyn^ 


(3.1.4) 


The  axial  load  and  bending  moment  strains  in  Eq.  (3.1.1) 
can  be  obtained  from  the  applied  load  P  and  the  applied  bend¬ 
ing  moments  Mx  and  My  by 


NORTH  AMERICAN  AVIATION,  INC. 

COIUMDUS  DIVISION 
COLUMBUS  16,  OHIO 


NA62H-973 
Page  13 


®ap  '  P 

jVn 

Ka_  ek(BIy)  -  My  <£Ixy)  \ 
P>  A  [(EIX)  (Ely)  -  (EIxy)  j 

K-rv.  f  bk(EIx)  Mk(EIxv)  1 

•  pa  -  (^ 


( : »1*5) 


The  ^values  of  the  inelastic  correcting  sV.  ains  o  ,  Xp  , 
and  Kpv  fast  be  determined  by  the  iteration  p  -c  cedurys  *  x 

Sec*  3«6; to  satisfy  the  conditions  of  1  ord  and  be  ,ding 

cement  equilibrium  on  the  cross-sec* Jon  with  the  stress*  ob¬ 
tained  f^^T  Sec.  3*3. 

3f2  SEQUENCE  LOADING 

The  general  element  strain  equation  of  Sec.  3*1  is 
directly  applicable  only  to  the  very  specific  case  of  siml- 
taneous  application  of  temperature  and  load  and  does  not  .llov 
for  any  previous  temperature  -  load  history.  Eq.  (3.1.1)  can 
be  written  in  terms  of  any  previous  step  j-1  in  the  tempo:  >ture 
load  sequence  and  the  load  or  temperature  application  or 
removal  at  step  j  as 

®nj  =  _£s_  -  («T)nj  +  (*T  +  eap  +  H 

+  f'Ty  +  KaPy  +  KPy)j 


,  x  fM 

In  Eq.  (3.2.1)  the  terni^/j-i  is  the  elastic  strain  from  the 
previous  step  assuming  that  the  strain  enj  starts  from  a  new 
origin.  is  the  incremental  strain  for  a  temperature  or 

load  application  or  removal  step.  The  values  of  &en  for  tem¬ 
perature  and  load  application  and  removal  steps  are  shown  in 
Eq.  (3.2.2). 
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APPLY  TEMPERATURE  (-t-T) 

&enj  =  “(*T)nj  +  (®T+ep)j  +  ^kTx+kPx)j  +  *b 

APPLY  LOAD  (+P) 

Aenj  =  (®ap  +  ®p)  j  +  (Kapx4Kpx)j  ^  +  (Kap y+Kp^  ^ 

(3.2.2) 

REMOVE  LOAD  (-P) 

(”®ap+ep)j+  (-KaPx+KPx)j  ^  +  (-KaPy  +  Kpy)j  ^ 

REMOVE  TEMPERATURE  (-T) 

A®nJ  =  (<XT)n^(-eT-'Op)j+(-JCrx+Kpx)j  +(-KTy+Kpy)j  ^ 

3.3  STRESS  EQUATIONS 


In  order  to  obtain  the  element  stresses  from  the  element 
strains  calculated  by  Eq.  (3.2.1)  for  a  particular  load  or  tem¬ 
perature  step,  the  non— dimensional  Ramberg-Osgood  equation  is 
used.  The  general  form  from  References  (  a  )  and  (  f  ) 
is 


!a!a 

FYn 


(3.3.1) 


The  strain  enj  associated  with  the  stress  is  completely  de¬ 
fined  by  Eq.  t3*2.1)  except  for  the  case  where  unloading  from 
the  original  stress- strain  curve  has  occurred  and  subsequent 
reloading  returns  the  element  to  the  old  stress- strain  curve. 
In  this  case,  the  strain  associated  with  the  stress  is  ex¬ 
pressed  as 


(®nj  +  qn;j)  with 


(3.3.2) 


where  enoi  is  determined  by 

F 

®no  =  ®n  *  e;  (3*3.3) 
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and  k  is  the  step  at  which  the  last  sign  reversal  of  en 
occurred. 

Eq.  (3.3.3)  is  not  included  in  the  sum  of  Eq.  (3.3.2)  unless 
it  satisfies  the  equation 

en0  0.046^ 
which  corresponds  to  a  point  on  the  stress-strain  curve  where 
Is-  >.0.80  (3.3.5) 

*yn 

for  the  particular  case  with  a  Ramberg-03good  exponent  m=10. 
Eq*  (3*3.5)  is  an  arbitrarily  selected  point  on  the  stress- 
strain  curve  which  defines  an  effective  elastic  limit.  A  new 
stress-strain  curve  is  assumed  to  arise  whenever  unloading 
occurs  frcm  a  point  on  the  stress-strain  curve  which  satisfies 
Eq.  (3.3.5). 

To  determine  the  element  stresses  at  any  step  in  the  tem¬ 
perature-load  sequence  corresponding  to  the  strains  in  Eq's. 
(3.2.1)  and  (3.3.2),  Eq.  (3.3.1)  is  modified  to 


^nAnj>  “F 


7  rn. 


where 


rn,=0,l 

j  j-m 

qnj  =  °  ’  i?k  % 


(3.3.6) 


(3.3*7) 


The  values  of  r«  and  qn.  to  be  used  at  any  temperature  or 
load  step  depencUupon  th^  previous  steps,  the  signs  of  Aen, 
and  enj  in  Eq,  (3.2*1),  and  the  sum  of  all  enQ  values  ^ 
satisfying  Eq.  (3*3*4)  and  occurring  after  en  reverses  sign 
at  step  k.  Step  j-m  in  Eq.  3*3.7  is  the  last  step  at  which  en 
satisfies  Eq,  (3*3*4) •  The  values  of  rn,  and  qni  to  use  in  ^ 
Eq.  (3*3.6)  are  defined  at  any  step  in  tne  temperature-load 
sequence  by  the  logic  table  of  Fig.  3#1. 


FIGURE  3.1 

LOGIC  TABLE  FOR  DEFINITION  OF  ELEMENT 
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3.L  SIGN  CONVENTION 

The  use  of  the  equations  of  Section  3*0  to  define  the  load- 
deformation  curves  of  Section  4*0  requires  that  certain  definite 
sign  conventions  be  established  for  compatibility  in  any  tempera¬ 
ture  -  load  sequence#  The  following  table  outlines  the  required 
sign  convention, 

FIGURE  3*2 

SIGN  CONVENTION 

Equation  Term 

Algebraic  Sign 

T 

■ 

(+)  if  temperature  increases  from  datum 
(-)  if  temperature  decreases  from  datum 

*n  »  yn 

(+)  dimension  toward  the  extreme  fiber 
element  having  the  highest  positive  value 
of  ( OCT)*  In  the  case  of  symmetrical 
temperature  distribution  and  geometry 
any  convenient  sign  convention  may  be 
selected  if  the  applied  moment  values 
have  consistent  signs*. 

Fn  •  Pm 

(+)  tension 
(-)  compression 

c,b 

(+) 

eap 

(+)  tension 
(-)  compression 

Kap 

rx 

(+)  if  the  applied  bending  moment  puts 

compression  on  elements  having  -y„  values. 

(-)  if  the  applied  bending  moment  M  puts 
compression  on  elements  having  +yn  values# 

Kar. 

ap 

y 

(+)  if  the  applied  bending  moment  1L.  puts 
compression  on  elements  having  -x  values# 

(-)  if  the  applied  bending  moment^L.  puts 
compression  on  elements  having  +xn  values# 

Equation  Term 


Algebraic  Sign 


P 


M„ 


M 


9 


(+)  tension 
(-)  compression 

(+)  if  moment  produces  compression  on 
elements  having  -yft  values. 

(-)  if  moment  produces  compression  on 
elements  having  +yn  values. 

(+)  if  moment  produces  compression  on 
elements  having  values. 

(-)  if  moment  produces  compression  on 
elements  having  values. 

(+)  tension 
(-)  compression 
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3-5  BUCKLING 


For  stable  elements  in  the  structure  or  for  those  elements 
with  stresses  below  the  local  buckling  stresses  the  stress-strain 
relationship  is  adequately  defined  by  the  non-dimensional  Ramberg- 
Osgood  stress-strain  curve  of  Sec,  3*3*  Since  some  elements  may 
buckle  at  any  step  in  the  temperature -load  sequence  the  stress 
and  strain  distribution  on  these  elements  changes  due  to  the 
change  in  length  of  the  buckled  element  from  the  deflection. 

Also,  since  some  part  of  the  buckled  element  (one  or  more  edges) 
does  not  deflect,  the  strain  in  this  undeflected  portion  is 
taken  as  the  reference  strain  for  the  element.  This  reference 
strain  is  also  the  strain  to  be  associated  with  the  strains  of 
the  other  elements  in  the  structural  cross-section. 


The  critical  buckling  strain  of  any  element  in  the  cross- 
section  is: 

tjr 

ecr  =  -K  fcf)  (3.5.1) 

n  un 

where  the  buckling  coefficient  K  depends  upon  the  edge  conditions. 
For  the  usual  effective-area  case  for  compress ion, an  effective 
width  is  defined  as  in  Ref.  (  a  )  where 


fenJ 

en 


1/2 


(3.5.2) 


and  bne  is  the  effective  width  of  element  n  after  the  critical 
buckling  strain  has  been  reached.  Since  en  is  the  strain 
associated  with  the  stress  except  for  unloading  and  subsequent 
reloading  to  the  old  stress -strain  curve  Eq.  (3* 5*2)  must  be 
modified  to: 


(!2Is_ 

enj  + 


1/2 

■  ) 
to' 

V 


(3.5.3) 


where  the  correcting  strain  is  defined  at  each  step  j  in 
the  temperature -load  sequence  by  the  methods  and  logic  table  of 
Sec.  3.3. 


The  effective  area  coefficients  for  elements  subject  to 
local  instability  are  then  defined  at  any  temperature  or  load 
step  and  any  iteration  step  by 


Cn 


Cn 


1,  (en,  +  On,)  “ 


ij  my  ~crn 


enj  +  ’  (6nJ  +  <lnJ)  >  6crr 


(ecrn 


(3.5.1*) 


roflM  M  to.o.i 
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If  qnj  is  always  defined  as  qn^  *  Jg  enc>i  then  the  values  of  qn^ 

shown  in  the  effective  area  factors  of  Equation  3*5*^  are  adequately 
defined*  In  the  digital  computer  program  which  uses  the  logic 
table  of  Figure  3*1*  qnj  be  defined  as  either 


Jrm 

i5  e”0i 


or  qnj  =  0 


depending  upon  whether  the  element  strain  is  on  an  elastic  line, 
a  new  stress-strain  curve,  or  has  returned  to  the  original  stress- 
strain*  In  any  case  the  value  of  qn  in  Equations  3*5*3  and 
3*5*^  is  always  defined  by  ** 


3*6  ITERATION  EQUATIONS 

The  first  approximation  of  the  element  strains  at  any  step 
in  the  temperature -load  sequence  is  made  by  solving  Equation  3*2*1 
using  the  applicable  Aenj  from  Equation  3*2*2  with  ep,  Kp^,  and 

Kpy  as  zero.  The  stresses  associated  with  these  strains  are  cal¬ 
culated  using  the  modified  Raraberg*Osgood  Equation  3*3*6  and  the 
logic  table  of  Figure  3*1  •  The  second  approximations  for  the 
values  of  ep,  Kp  ,  and  Kp  are  given  by  the  general  iteration 
equations  x  -  y 

(ePj)r  =  (ePj>p-l  "  (e«Pj*r-l  +  6ap 

(KPxj)r  =  +  Kapx  ►  (3.6.1) 

(KPyj)r . =  "  (KaPyj  }r_i  +  KflPy  > 


where. 


/.  \  nj)r-l  ^  (Cnj)r-1 

'eflPj 'r-1  c  v - 

ZEn  An 
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"Wr-l 


IXWnj)  .  *»  <0n,)r  ,  (^)]|ZE„A„  (?)  <?)] 
[Z£»A„  .  [2e„a„  (?)  (?f 

*r-l  *“  *C“J  *r-l  Ir-'l^EnAn  (?)  ] 


[ZEnAn  (£i)  ]  [ZEnAn  (~)2]  -  [lEnAn  (£i) 


a„ 

(?)  <?>] 

1 

[ZEnAn  (^)2] 

[ZEnAn  (^)2J 

.1 

[Z*»An  (?)  (?f 

[Ze„A„  (?)2][Zt„A„  <£)2]  -  [&*  (?) 


For  bending  about  one  axis  only,  the  internal  bending  moments  at 
the  r-1  iteration  step  are  simplified  to 


(KapXj>r-l 


£(FnPr-l  An  *CnPr-l  *?) 

2EnAn  (57 


or, 


^apyjV-1 


2(Fnj^r.i  An  (CnPr-i 
D 


;apx,  and  Kapy  in  Equation  3*6*1  are  defined  by  Equation 

New  strains  and  stresses  are  obtained  from  Equations  3*2.1 
and  3*3*6  using  the  successive  approximations  of  Equation  3*6.1* 
The  iteration  is  continued  until  epj  =  (epj)^  **  (ePj)r  ^  ** 

«Vr  ■  O'Pxj^'  “a  Sj  -  (Sj>r  ■  <KP3rJ>r.1  "lthl”  * 


eap> 

3.1.5 
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specified  tolerance.  An  acceptable  tolerance  range  has  been 
found  to  be  +  0,00003  in, /in,  to  +  0,0000(5  in, /in,  depending 
upon  the  type  of  problem  where  the  smaller  tolerance  is  required 
in  strain  accumulation  problems  such  as  thermal  cycling.  For 
most  static  (• W ,  +P,  -P,  -T)  problems  a  realistic  tolerance  is 
+  0.00005  in. /in. 


H- 16-0- 1 
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3*7  COLUMN  PROCEDURES 

Reference  (~g 

Columns  may  have  an  unsymmetrical  temperature  distribution 
through  the  cross-section  or  a  secondary  bending  moment  may  be 
acting  on  the  column  producing  deflections  normal  to  the  neutral 
plane  of  the  column.  An  axial  load  acting  on  the  column  element 
will  affect  these  deflections  by  producing  a  bending  moment  due  to 
the  deflections.  If  symmetrical  bending  only  is  considered,  the 
net  bending  moment  strain  consists  of  two  parts,  one  due  to 
applied  secondary  bending  moments  and  one  due  to  deflection. 


Kax  B  Kapx  +  Kvx 


(3.7.1) 


The  deflection  moment  strain  may  be  described  in  terms  of  eap 
and  the  deflection  W  as  follows: 


Y  a  *  eflp  Vm_  .  W  eHp  (|)2 
KWx  -  -  .  *  r7  e  P 


(3.7.2) 


where  M  is  an  element  In  the  column  cross-section.  In  many 
problems  the  applied  secondary  bending  moment  may  be  related 
to  the  applied  axial  load  as 


«  P  Fap 


(3.7.3) 


In  this  case  Equation  (3»7«2)  may  also  be  written 


Kax  m  W  +  P  ,c»e 
eap  c  'JT' 


(3.7.^) 


If  z  is  the  variable  along  the  length  of  the  structure,  then  W 
depends  on  z  and  the  end  conditions,  while  p  may  depend  on  z 
if  the  applied  moment  is  variable.  For  simple  beams 


d2W  M  Kx 
dz2  "  El  "  c 


(3.7.5) 


M* IK'G-  I 
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The  net  rotational  strain  of  any  cross-section  through  the 
column  may  be  written 


Kx 


Klx  +  Kwx  +  KqPx  +  Ktx  +  KPx  +  i  KPXJ 

3*=1 


(3.7.6) 


for  the  temperature -load  sequence  -W,  +P  where  Ki  represents 
the  initial  deflection  or  eccentricity  of  the  load*  In  Equation 
(3*7*6)  Kpx  is  a  function  of  z  depending  upon  the  amount  of 
inelastic  action  of  the  various  cross-sections  throughout  the 
span  or  length  of  the  column*  Equation  (3*7*5)  can  he  written 


where,  with  K  as  a  table  of  values  for  selected  values  of  z, 
then  Kyx  can  be  obtained  from  Equation  (3*7*7 )  by  an  area-moment 

numerical  integration  or  by  a  double  summation* 

If  K Ktx  and  K*x  are  constant  along  the  beam,  then  Kpx 

will  be  constant  except  for  the  effect  of  V.  Assume  Kpx 

is  constant  along  the  span  so  that  Equation  (3*7*7)  can  be 
integrated  to  give 


Kwx  B  (Kix  +  Kapx  +  KTx  +  2%>Xj  +  Kpx)f  (z) 


f  U) 


/  2z  \ 

cos  q  (1  -  -  cos  q 

cos  q 


cosh  q  (l  -  — )  -  cosh  q 
L 

cosh  q 


(compression) 


(tension) 


(3*7*8) 


where 


-  laE- _ 


4p‘ 


(3.7.9) 
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For  a  simply  supported  beam-column 

let  tt2  p2  c>  tt2  ^eap\  / _ 

ecr  -  '  —  *  «  B  T  \ecr )  (3.7.10) 

bo  that  the  maximum  deflection  in  Equation  (3.7.8)  at  z  =  -  is 

2 

«x.  '  ta.  *  K«P*  *  "T*  *  S  *  "p4  1  -X.  (|8t) 

(3.7.11) 

Equation  (3.7.6)  may  be  written 

**  *  [l  +  *  K  *  *Wx*  K*x  +  KPx  *  %,) 

(3.7.12) 


The  temperature -load  sequence  of  primary  importance  for 
defining  the  column  load-deformation  curve  is  apply  temperature 
(+T),  then  apply  load  (+P).  For  any  given  temperature  distribu¬ 
tion  through  the  column  cross-section  a  range  of  loads  is  applied 
to  establish  the  shape  and  the  peak  of  the  column  load-deforma¬ 
tion  curve. 

The  strain  equation  for  the  temperature  application  step 
for  the  column  is  essentially  that  shown  by  Equations  (3.2.1) 
and  (3*2*2 ).  For  the  applied  load  step  in  the  temperature¬ 
load  sequence  +T,  +P  the  element  strains  are  found  by  the 
following  equation 


+  (e__  +  e_),  +  (K  +  K*  +  IC  )  — 
Em  aP  P  j  ePx  ^x  PX  j  C 

J— 1 


(3.7.13) 


where 


H-I6-C-I 
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1  -  cos 


"/2  (5) 


x  cos  tt/2  (eep/ecr) 

when  a  concession  load  is  acting. 

ePj  an<*  mUfik  determined  by  an  iterative  procedure 

tp  satisfy  the  following  equilibrium  conditions. 


e&pj"  ZWh 

(K  .  v  \  M  J  \c  I 

S' ‘2%^^ 


(3.7.1*) 


In  Equation  (3.7.12)  the  stresses  are  determined  by  the 

J 

procedures  of  Section  3.3.  The  iteration  equations  for  the 
equilibrium  condition  are: 


(epJ  ■  (eDJ  +  e 


.  Z(F^)r-lAM  (CMJ}r-l 
PJ  r-1  +  CapJ  2%% 


(KP*J>r  “  (KpxJ)r.1  -  KaPX()  +  ^J^-l 

)r-l  (r1)  ' 

I  EmAm 


(3.7.15) 
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Two  sets  of  answers  are  provided  at  convergence  of  the 
iteration  equations  (3*7«15)  with  the  second  set  defining  a 
post-buckling  point  on  the  column  load-deformation  curve* 

The  column  procedures  presented  in  this  section  are  based 
on  constant  moments  and  a  maximum  value  of  Further  column 

studies  have  shown  this  approximation  to  be  quite  accurate  for 
practical  design  use.  Comparisons  of  column  load -deformation 
curves  using  the  approximate  procedures  of  this  section  and  by 
integrating  the  inelastic  effects  along  the  length  of  the 
column  show  good  correlation  between  the  two  methods  with  the 
approximate  procedures  being  slightly  conservative. 
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3.8  ELEMENT  FAILURE  CRITERIA 

Since  the  Ramberg-Osgood  equation  representing 
the  element  stress -strain  curve  is  a  continually  rising 
function,  stresses  could  be  calculated  vhich  are  beyond 
the  tensile  ultimate  strength  of  the  material.  There¬ 
fore,  it  is  necessary  to  provide  an  upper  limit  stress 
cut-off  when  using  the  Ramberg-Osgood  equation.  This 
cut-off  would  be  either  the  tensile  ultimate  strength 
(Ftu)  or  the  compressive  yield  strength  (FCy)  depending 

upon  the  loading  and  geometry  of  the  structure.  Gen¬ 
erally,  for  tension  elements  and  those  compression 
elements  not  affected  by  local  instability  even  at  high 
strains  the  stress  cut-off  may  be  taken  as  Ftu.  For 

those  compression  elements  subject  to  local  instability 
(typical  of  most  airframe  compression  structures)  the 
stress  cut-off  is  more  realistically  taken  as  FCy.  In 
either  case,  however,  an  element  reaching  this  stress 
cut-off  does  not  necessarily  indicate  failure  of  the 
cross-section  since  the  element  strain  can  still  increase 
with  the  increase  in  load  being  carried  by  lower  stressed 
elements  in  the  cross-section.  Essentially,  then,  a 
single  critically  loaded  element  reaching  a  stress  cut¬ 
off  on  the  stress-strain  curve  may  have  little  rela¬ 
tionship  to  the  load-carrying  capacity  of  the  cross- 
section,  Although  the  element  strains  are  allowed  to 
increase  beyond  the  point  of  stress  cut-off  the  stresses 
used  in  the  equilibrium  iteration  equations  of  Section 
3.6  are  the  cut-off  stresses. 

Coupled  with  the  element  stress  cut-off  to  define 
failure  of  the  entire  cross-section  is  the  value  of 
element  strain  at  any  step  in  the  temperature -load 
sequence,  A  more  realistic  criterion  for  defining 
element  failure  compatible  with  the  failing  load  of  the 
entire  cross-section  is  a  'given  strain  which  is  generally 
the  tensile  elongation  of  the  material.  For  most  test 
comparisons  and  studies  made  to  date,  favorable  agreement 
on  load  carrying  capacity  has  been  obtained  using  the 
tensile  elongation  strain  cut-off  on  all  tension  and 
compression  elements. 

In  addition  to  the  necessary  failure  criteria  the 
strain  accumulation  or  thermal  cycling  problem  may 
reach  an  elastic  shakedown  state  where  no  further  strain 
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accumulation  occurs  and  the  strain  cut-off  may  never 
be  reached  by  any  element  in  the  cross-section.  Therefore, 
some  criterion  is  necessary  to  define  when,  and  if, 
elastic  shakedown  has  occurred.  For  thermal  cycling 
the  criterion  for  elastic  shakedown  is  defined  by  each 
element  in  the  cross-section  satisfying  the  equation 


3.9  IBM  PROGRAM 

The  allowable  loads  and  load -deformation  curves 
presented  in  this  study  were  determined  by  the  use  of 
the  IBM  709  digital  computer.  The  IBM  program  used 
was  identical  to  that  described  in  Appendix  C  of 
Reference  (g)  which  includes  a  complete  FORTRAN  listing 
and  block  diagram  of  the  program. 
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4.0  LOAD -DEFORMATION'  CURVES 


In  order  to  obtain  the  applied  load  ratios  it  is  first 
necessary  to  obtain  the  load-deformation  curves  for  the  structural 
cross-section  in  the  design  temperature  environment  and  a  room 
temperature  environment.  For  a  static  test  two  temperature-load 
sequences  will  be  of  particular  importance.  These  are  -*T,  +P  for 
data  comparison  with  temperature  and  load  acting  on  the  structure 
and  for  defining  the  ultimate  load;  and,  +T,  +P,  -P,  -T  for  any 
comparison  involving  permanent  set  characteristics  such  as  the 
applied  load  ratios  for  defining  yield  load.  This  temperature- 
load  sequence  may,  in  some  cases,  be  quite  different  where  the 
sequence  is  defined  by  the  particular  critical  design  condition. 


The  solution  of  the  equations  of  Sections  3.1  through  3*6  or 
Section  3.7  gives  the  strains  and  stresses  on  each  element  of  the 
cross-section  at  each  step  of  the  temperature -load  sequence,  and 

■V  ena  Sj 


also  gives  the  values  of  the  inelastic  strains  ep^,  Kp^ 


for  each  step  in  the  sequence.  After  a  finite  number  of  steps  the 
net  inelastic  effect  on  any  element  n  is  given  by 
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The  inelastic  strain  represented  by  represents  the  net  in- 

*sn 


elastic  effect  with  reference  to  the  origin  of  the  original  stress- 
strain  curve  for  element  n.  ^Tep  represents  the  inelastic  axial 


strain  while 


2k 


Px. 


and 


2k 


pyj 


pj 

represent  the  inelastic  rotation 


of  the  cross-section.  If  the  inelastic  strain  represented  by  epSn 

is  calculated  after  temperature  and  load  are  applied  and  then 
removed  (+T,  +P,  -P,  -T)  then  epSn  represents  the  permanent  set 

strain  on  the  element. 


The  calculations  are  performed  for  a  particular  cross-section, 
material  or  material  combinations,  temperature  distribution  and 
temperature -load  cycle  for  a  range  of  values  of  the  applied  loads 
and/or  moments.  The  load-deformation  curves  for  the  cross-section 
are  then  constructed  where  the  ordinate  may  be  in  terms  of  an 
elastic  applied  stress  defined  by 
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rapm  c  |eQP  +  Kapx^c  ^  +  KflPy  ^  (4.0.2) 

or,  -the  ordinate  may  be  taken  as  the  applied  load  or  moment 
(P  or  M)  in  the  case  of  applied  loads  for  structural  testing. 

The  critical  element  strain  on  the  abscissa  is  defined  by 
^aPm/g  +  ePsm  v^ere  subscript  m  denotes  the  element  with 

the  maximum  inelastic  or  permanent  set  strain.  This  curve  is 
equivalent  to  an  applied  stress-strain  curve  for  the  critical 
element  m  and  includes  temperature  effects  on  material  properties, 
thermal  stresses,  and  inelastic  effects  on  the  entire  cross- 
section. 

The  load-deformation  curves  represent  the  load-carrying 
capacity  of  the  entire  cross-section  and  not  that  of  the  highest 
stressed  element.  Although  the  allovable  stress  for  the  highest 
stressed  element  may  have  little  relationship  to  the  actual  load- 
carrying  capacity  of  the  structure,  the  element  with  the  largest 
inelastic  or  permanent  set  strain  is  important  to  determine  the 
shape  of  the  load -deformation  curve. 

For  long  columns  (or  beam-columns )  the  foreshortening  strain 
on  the  abscissa  is  eap  +  ep  +  Ok  where  is  the  foreshortening 

L  ** 

due  to  bending  deflection  and  is  defined  by 
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In  Eq,  4,0,2  the  maximum  deflection  Wm  is  defined  by 
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In  Eq.  U.0.4  the  general  rotational  strain  term  is 
K  *  Kim  +  kTx  +  Kapx  +  ^  KpXj 

The  calculated  and  experimental  load-deformation  curves 
for  the  specimens  tested  during  this  study  are  explained  and 
plotted  in  Sec.  8.0. 


(4.0.6) 
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5.0  TEST  PROGRAMS 

The  purpose  of  the  test  program  was  to  test  three  typical  aircraft 
components  under  a  variety  of  time-temperature  histories  in  order  to 
obtain  as  many  data  points  as  possible  to  use  in  the  development  and 
refinement  of  the  mathematical  analysis  of  these  same  components, 

5.1  TEST  SPECIMENS 

A  total  of  twenty-eight  specimens  were  tested  in  this  program, 
consisting  of  sixteen  bending  beams,  six  short  columns  and  six  long 
columns.  Part  of  the  specimens  were  assembled  with  close  tolerance 

bolts  and  the  remainder  with  high  shear  rivets  in  order  to  ascertain 
if  the  type  of  fastener  would  make  any  detectable  difference  in  the 
test  results.  Sketches  of  each  type  of  specimen  are  shown  in  Figures 

5.1,  5*2  and  5.3. 

5.1.1  SPECIMEN  IDENTIFICATION 

Each  specimen  was  identified  according  to  the  following  code: 

A-l  through  A -6  were  short  columns 
B-l  through  B-17  were  bending  beams 
C-l  through  C-6  were  long  columns 

In  addition,  each  cover  plate  and  channel  of  each  specimen  was 
identified  as  to  which  sheet  of  material  it  was  from  and  the  location 
on  that  sheet.  This  was  for  correlating  material  properties  of  each 
specimen  with  tensile  coupons  taken  from  each  sheet  of  material. 

5.1.2  FASTENERS 

Three  short  columns,  eight  bending  beams  and  all  long  columns  wei*e 
assembled  with  NAS464-4-6  high  strength  close  tolerance  bolts,  NAS679A4 
self -locking  high  temperature  nuts  and  2VJ17-416  washer s  as  required. 

The  remainder  of  the  specimens  were  assembled  with  high  shear 
rivets  consisting  of  HS52P-8-9  pins,  HS32-8  collars  and  Zv£L7-4l6  washers. 

5.1.3  SPECIMEN  FABRICATION 

After  detail  parts  were  formed  for  each  specimen,  the  assemblies 
were  clamped  together  and  pilot  drilled.  Each  hole  was  then  brought 
up  in  steps  to  the  correct  size,  with  reaming  the  hole  to  the  correct 
tolerance  being  the  final  step. 
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Material:  All  loading  bulkheads  bolted  to 

6  Bare  A1  A1  specimen  with  12  NAS464  bolts. 
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A1  Cover  Plates 
A1  Channels 
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The  fasteners  were  inserted  in  the  holes  and  the  parts  drawn 
together  tightly  by  either  torquing  the  bolts  to  eighty  inch-pounds 
or  driving  the  rivets,  depending  upon  the  type  of  fasteners  used  in 
the  specimen, 

5,2  IMSTRLWTATION 

5.2.1  EXTENSOMETER 

An  attempt  was  made  to  buy  some  type  of  transducer  which  would  read 
post  yield  strains  both  at  ambient  temperature  and  elevated  temperatures. 
No  commercial  device  was  found  to  do  this.  After  considering  several 
mechanical-type  devices  to  read  strains  it  was  decided  to  fabricate 
bent-type  extensometers  incorporating  four  temperature  compensated  foil 
strain  gages  arranged  in  a  Wheatstone  bridge  configuration  sensitive 
to  bending  strains.  These  instruments  were  used  on  all  specimens  tested. 
Figure  5*^  shows  the  details  of  the  extensometer. 

5.2.1.1  EXTENSOMETER  CALIBRATION 

The  extensometers  were  calibrated  using  fixture  shown  in  Figure 
B.l.  The  dial  indicator  was  used  to  set  predetermined  deflections  in 
the  extensometer  and  this  deflection  was  checked  by  the  Stavrett  dial 
indicator.  The  output  from  the  VJheatstone  bridge  on  the  extensometer 
for  all  deflections  set  in  the  extensometer  was  read  by  a  Baldvdn-Lima- 
Hamilton  a-c  powered  Model  N  portable  strain  recorder.  A  plot  of  this 
calibration  is  shown  in  Figure  5*5* 

5. 2. 1.2  CHECKS  OF  EXTENSOMETER  KEASURgjSNTS 

Three  checks  were  made  of  extensometer  measurements  at  elevated 
temperatures.  The  first  consisted  of  fastening  the  extensometer  to  a 
quartz  rod,  inserting  the  assembly  in  an  oven,  and  reading  the  output 
of  the  extensometer  at  various  temperatures  up  to  400°F,  The  exten¬ 
someter  showed  negligible  output  at  this  temperature  range.  Since  the 
theoretical  linear  coefficient  of  linear  expansion  of  qua via  is 
•  277  x  10-6  inches  and  the  gage  length  of  the  extensometer  is 
inch  OF, 

1,00  inches,  the  theoretical  output  of  the  extensometer  would  be 
(400  -  80)  x  ,28  x  10-6  =6,6  microinches,  and  this  can  be  considered 
13^57 
negligible. 

The  second  check  consisted  of  fastening  the  extensometer  to  a 
short  bar  of  2024  aluminum  allo3r  and  inserting  the  assembly  in  an  oven. 
In  this  manner  the  coefficient  of  expansion  of  the  2024  aluminum  alloy 
bar  could  be  measured  directly  since  the  gage  length  of  the  extensometer 
is  1.00  inches.  The  results  of  these  measurements  are  shown  in  Figure 
5.6. 
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The  third  check  consisted  of  using  a  high  elongation  strain  gage 
of  Tatnall  Type  HE-181-E  fastened  to  a  standard  tension  specimen  with 
C-2  cement.  The  extensometer  was  also  fastened  to  the  tension  specimen 
and  the  entire  assembly  loaded  in  tension.  The  results  of  this  check 
are  shewn  in  Figure  5*7* 

The  results  of  these  checks  were  felt  to  be  of  sufficient  accuracy 
to  warrant  their  use  in  the  test  program, 

5,2.2,  STRAIN  GAGES 

5. 2. 2.1  HIGH  TEMPERATURE  GAGES 

The  Tatnall  Measuring  Systems  Type  C-12-142B  strain  gage  employed 
in  these  tests  are  self  temperature  compensating  "advance"  metal  film 
strain  gages.  The  term  "self  temperature  compensated"  refers  to  a 
strain  gage  intended  for  use  on  material  having  a  certain  thermal 
coefficient  of  expansion.  The  temperature  coefficient  of  resistance 
of  the  gage  alloy  and  the  thermal  coefficient  of  expansion  of  the  mounting 
surface  combine  so  as  to  produce  a  minimum  resistance  change  in  the 
strain  gage  output  with  changing  temperature.  This  results  in  a  very 
low  value  of  apparent  strain  or  temperature  induced  strain.  Practical 
considerations  limit  this  particular  strain  gage  to  500°F  for  short 
term  static  testing. 

In  addition  to  self  temperature  compensation  the  amount  of  apparent 
strain  is  also  minimized  through  consideration  of  bridge  configurations, 

-  Iraci  wire  hook  up,  and  type  of  read  out  instrumentation. 

The  manufacturer  of  these  gages  packages,  along  with  the  strain 
gage,  a  curve  of  apparent  strain  versus  tempera1 ture .  Prior  laboratory 
tests  have  served  to  verify  this,  information. 

Gage  Installation  procedures  are  those  recommended  by  the  manu¬ 
facturer  utilizing  TMS  Type  GA  50  epoxy  cement  with  a  curing  cycle  of 
two  hours  at  35°  F  followed  by  one  half  hour  at  450°F. 

5. 2. 2. 2  HIGH  ELONGATION  GAGES 

The  Tatnall  Measuring  Systems  Type  RE-181 -E  high  elongation  strain 
gages  employed  in  these  tests  are  considered  to  be  a  relatively  new 
item  entering  the  strain  gage  field.  Their  use  is  primarily  advanta¬ 
geous  for  post  yield  work.  Ho  particular  temperature  compensation  is 
attempted  and  due  to  the  nature  of  transferring  post  yield  strains  from 
the  material  to  the  gage,  an  Armstrong  C-2,  an  unfilled  resin  cement 
with  2  hours  at  200°F  cure  was  used. 
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Figure  5«7  shows  the  curves  cornparing  the  use  of  the  high 
elongation  strain  gage  and  the  extensometer  on  the  same  tensile  coupon. 

5.2.3  -  BISTRtfrlEI'ITATIOl:  LOCATION 

5. 2. 3.1  SPECB-ffill  BiSTRUIBBTATl'OS 

The  instrumentation  for  measuring  strain  and  temperature  were 
located  on  a  cross-section  at  the  centerline  of  each  specimen.  The 
location  and  identification  of  this  instrumentation  is  shown  in 
Figure  5.8. 

The  room  temperature  specimens  had  no  thermocouples,  and  the 
strain  gages  were  of  the  high  elongation  type  (Tatnall  HE-181-E). 

All  specimens  tested  to  failure  at  elevated  temperatures  had  iron- 
constantan  thermocouples  and  high  temperature  strain  gages  (Tatnall 
C-12-142B)  as  shown  in  Figure  5*8#  All  specimens  thermal  cycled  had 
iron-constantan  thermocouples,  but  no  strain  gages. 

All  specimens  were  tested  using  extensometers  located  as  shown 
in  Figure  5*8. 

5. 2. 3. 2  C0LUI1J  DEFLECTION  MAgURggCTS 

All  column  deflections  were  obtained  by  measuring  the  movement 
between  the  heads  of  the  Universal  testing  machine  used  for  all  column 
tests.  This  movement  was  measured  by  means  of  a  deflection  transducer. 

The  input  from  the  deflection  transducer  and  the  input  from  a 
load  cell  incorporated  in  the  load-measuring  system  of  the  Universal 
testing  machine  were  combined  by  an  X-Y  plotter  to  give  a  load-deflec¬ 
tion  curve  for  each  column  tested.  A  curve  being  drawn  by  the  X-Y 
plotter  is  shown  in  Figure  B.2. 

All  tension  coupons  were  tested  in  the  Universal  testing  machine 
using  the  X-Y  plotter  with  an  extensometer  furnishing  the  deflection 
input  and  a  strain  gaged  calibrated  load  link  furnishing  the  load  input. 

5.2.4  DATA  RECORDING  DEVICES 

Thermocouple  data  was  recorded  on  the  Gilmore  Model  179  data  logger, 
while  strain  gage  and  transducer  data  was  recorded  manually  using 
Baldwin  Type  L  or  K  portable  strain  indicators.  During  certain  test 
runs  a  multiplexing  switch  was  employed  with  the  portable  strain 
indicators  to  increase  channel  capacity. 
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5. 2.4.1  DATA  LOGGER 

The  Gilmore  Model  179  data  logger  is  a  medium  speed  instrumentation 
system  which  prints  out  in  decimal  notation  100  channels  of  strain 
gage  (microinch  per  inch  at  +0.5 $  full  scale),  thermocouple  (degrees 
Fahrenheit  at  +1$  full  scal©7,  and  millivolt  data  (millivolts  at  +0.5$ 
full  scale).  This  system  may  be  used  with  full  or  partial  strain~gage 
bridge  circuits,  any  of  three  types  of  thermocouples  or  with  any  D.C. 
millivolt  input  of  suitable  amplitude.  In  addition,  an  automatic  alarm 
function  is  provided  which  accepts  a  preset  value  of  calculated  strain 
for  each  channel  and  compares  this  value  for  each  increment  of  load 
on  the  test  specimen.  Both  a  visual  and  printed  alarm  signal  is  pro¬ 
vided  if  the  measured  strain  exceeds  the  preset  strain  for  a  particular 
load  condition.  The  range  of  the  instrument  is  +10,000  microinches  per 
inch,  0°  to  3000°F,  or  +100  millivolts. 

5. 2.4.2  X-Y  PLOTTER 

The  Moseley  Autograph,  Model  2A,  is  a  two-axis,  flat-bed,  graphic 
millivolt  recorder,  utilizing  standard  11 11  x  graph  paper  and 
recording  ink.  The  two  axes  correspond  to  the  pen  and  the  carriage. 

The  basic  voltage  range  is  0  to  5  millivolts  for  the  Y  axis  and  0  to 
7.5  millivolts  for  the  X  axis  for  full  scale  travel.  The  position  of 
the  balance  circuit  potentiometer  and  the  pen  and  carriage,  to  which 
they  are  coupled,  are  always  directly  proportional  to  the  amplitudes 
of  the  D.C.  signal  at  the  respective  input  terminals. 

5.3  TEST  PROCEDURES 

5.3.1  METHOD  OF  TESTING 

Prior  to  the  running  of  each  specimen  a  probable  failing  load  for 
that  particular  specimen  was  computed,  based  on  past  time-temperature 
history,  temperature  at  which  the  test  was  to  be  run,  and  material 
property*:;  of  the  specimen  as  they  were  known  to  be  at  the  time.  From 
the  predicted  failing  load  a  series  of  loading  increments  was  decided 
upon  which  would  give  several  data  points  in  the  elastic  range  and 
many  points  in  the  plastic  range  in  order  to  obtain  the  desired  in¬ 
formation  to  use  in  the  mathematical  analysis. 

A  conventional  procedure  x?as  used  for  the  ambient  temperature 
specimens.  Zero  strain  gage,  extensometer  and  deflection  readings  were 
taken  before  load  was  applied,  a  loading  increment  was  applied  and 
maintained,  the  instrumentation  readings  were  taken,  the  next  loading 
increment  applied  and  the  process  repeated  until  failure  of  the  specimen 
occurred. 
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For  specimens  tested  under  a  constant  temperature,  a  full  set  of 
instrumentation  readings  were  taken  at  ambient  temperature  and  then 
the  banks  of  lamps  were  turned  on*  When  the  proper  cover  temperature 
had  been  reached  and  the  temperature  gradient  across  the  specimen 
had  been  stabilized,  another  set  of  readings  was  taken  and  the  remainder 
of  the  test  conducted  in  the  same  manner  as  the  ambient  tests* 

For  specimens  to  be  thermal  cycled,  a  load  was  applied  to  the 
specimen  which  was  well  into  the  plastic  range  of  the  bending  beam* 
Ambient  temperature  data  was  taken  to  insure  that  the  plastic  range  had 
been  reached.  The  load  was  then  held  constant  while  heat  was  applied 
to  the  specimen.  When  the  temperature  gradient  across  the  specimen  had 
stabilized,  a  set  of  extensometer  readings  was  taken  and  the  heat 
turned  off.  After  the  specimen  temperature  had  reached  about  120°F, 
the  heat  was  reapplied  and  the  procedure  repeated  until  failure  occurred 
or  no  more  yield  was  indicated  by  the  data. 

5*3.2  SHORT  COLUMNS 

A  total  of  six  short  columns  was  tested  in  the  Baldwin-Southwarlc 
Universal  testing  machine.  Each  specimen  had  its  ends  milled  flat  and 
parallel  and  mounted  between  the  compression  heads  of  the  testing  machine 
with  no  extra  loading  plate  either  top  or  bottom.  This  permitted  the 
measurement  of  head  to  head  movement  of  the  machine  for  use  as  deflection 
data  for  the  short  columns. 

Strain  gages  and/or  extensometers  were  read  using  portable  strain 
indicators  with  a  multiplexing  switch.  At  each  increment  of  applied 
load,  strains  were  recorded  manually  and  thermocouple  data  was  recorded 
with  a  Gilmore  Model  179  data  logger.  At  the  same  time,  a  continuous 
load-deflection  curve  was  being  recorded  on  the  X-Y  plotter.  Strain 
gage  and  extensometer  data  are  shown  in  Figures  A. 3. 9  through  A. 3. 14. 

5.3.3  LONG  COLUMNS 

A  total  of  six  long  columns  was  tested  in  the  Baldwin- Southwark 
Universal  testing  machine.  Each  specimen  had  a  spherical  ball  fixture 
in  each  end  which  in  turn  rested  on  matching  plates  in  the  test  machine. 
These  fixtures  and  plates  had  too  side  effects  on  the  testing.  First, 
the  spherical  ball  did  not  provide  a  completely  pinned  end  condition 
for  the  column  since  the  spherical  ball  had  to  slide  relative  to  its 
matching  plate  rather  than  rotating  freely  as  it  would  on  a  flat  plate. 
This  provided  some  small  end  fixity  which  was  not  desirable. 

Second,  the  spherical  ball  and  plate  deflected  a  small  amount  under 
load  which  gave  an  indication  of  excessive  coliunn  deflection,  since  the 
deflection  was  measured  between  the  heads  of  the  testing  machine.  VJhcn 
the  deflection  of  the  ball  and  plate , at  each  end  of  the  column  vras 
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calculated  and  deducted  from  the  deflection  between  the  heads  of  the 
test  machine,  very  good  agreement  between  calculated  and  measured 
column  deflection  was  obtained. 

Strain  gages  and/or  extensometers  were  read  using  portable  strain 
indicators  with  a  multiplexing  switch.  At  each  increment  of  load, 
strains  were  recorded  manually  and  thermocouple  data  was  recorded  with 
a  Gilmore  Model  179  data  logger.  At  the  same  time,  a  continuous  load- 
deflection  curve  was  being  recorded  on  the  X-Y  plotter*  Strain  gage 
and  extensometer  data  are  shown  in  Figures  A. 3. 15  through  A.3.19.  A 
typical  test  setup  is  shown  in  Figure  B.4* 

5.3.4  BENDING  BEAMS 

A  total  of  sixteen  bending  beams  was  tested  in  this  program. 

Eight  specimens  were  held  at  a  constant  temperature  and  loaded  to  failure, 
and  the  remaining  eight  were  held  at  a  constant  load  and  the  temperature 
cycled  until  the  specimen  either  failed  or  reached  elastic  shakedown. 

The  load  was  applied  at  the  third  points  of  the  beams  by  means 
of  steel  plates  and  linkage  which  in  turn  were  loaded  by  means  of  hy¬ 
draulic  struts*  The  load  was  monitored  by  means  of  a  strain  gaged 
calibrated  load  link  placed  between  the  hydraulic  struts  and  the  steel 
linkage.  The  correct  load  was  obtained  by  presetting  the  correct  value 
on  the  portable  strain  indicator  and  applying  hydraulic  pressure  to  the 
struts  until  the  null,  indicator  was  zeroed.  Daring  the  thermal  cycling 
testing  it  was  necessary  to  watch  the  null  indicator  closely  in  order 
to  hold  the  applied  load  constant,  since  the  change  in  specimen  tempera¬ 
ture  produced  sizable  load  changes  unless  hydraulic  fluid  was  added 
or  removed  from  the  struts. 

Strain  gages  and/or  extensometers  wore  road  using  portable  strain 
indicators  with  a  multiplexing  switch.  At  each  increment  of  applied 
load,  strains  were  recorded  manually  and  thermocouple  data  was  re¬ 
corded  with  a  Gilmore  Model  179  data  logger.  Strain  gage  and  exten¬ 
someter  data  are  shown  in  Figures  A. 3*1  through  A.3.I  for  the  constant 
temperature  specimens,  and  tabulated  in  Tables  A.2.1  through  A. 2. 8  for 
the  thermal  cycling  specimens. 

5.3,5  TEI-ffERATURK  CONTROL 


Temperature  control  for  this  test  was  accomplished  through  utiliza¬ 
tion  of  Research,  Inc.  ignitron  power  temperature  controllers  and  General 
Electric  1000  T3  quartz  infrared  lamp  banks  (see  Figures  B.k  and  B.8). 

Accurate  temperature  control  of  the  Research,  Inc.  units  is 
achieved  by  use  of  precision  potentiometric  circuitry  wherein  a  feedback 
from  a  specimen  chromel-alumel  thermo  couple  output  is  compared  against 
a  signal  representing  desired  specimen  temperature.  The  resulting  error 
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signal  is  amplified  and  used  to  control  the  output  of 
an  ignitron  power  regulator. .  The  ignitron  power 

regulator  controls  the  voltage  impressed  on  infrared  quartz  lamp  banks 
directed  on  specific  specimen  areas*  Specimen  temperature  is  thus 
brought  to  match  the  desired  pre-established  temperature  set  point 
value*  The  ignitron  power  regulator  responds  to  control  signals  within 
one  cycle  of  power  line  frequency  (60  cps).. 

Circuit  features  of  the  Research,  Inc.  units  also  include  con¬ 
tinuous  standard  cell  calibration,  automatic  thermocouple  reference 
junction  compensation,  proportional  band  adjustment  and  limiter  (rate) 
control  which  indirectly  controls  the  time  required  to  reach  the  desired 
set  point  temperature. 

Each  specimen  had  a  control  thermocouple  located  on  the  center  of 
each  cover  (numbers  (T)  and  (jh  on  Figure  5*8)*  These  control  thermo¬ 
couples  controlled  eacn  bank  of  lamps  independently  such  that  any  change 
in  temperature  on  one  cover  did  not  affect  the  baric  of  lamps  heating  the 
opposite  cover* 

5*4  TENSILE  COUPOHS 

A  total  of  twenty  five  tensile  coupons  v/as  tested  during  this  pro¬ 
gram*  The  primary  pui*posc  of  these  coupon  tests  was  to  provide  material 
properties  information  for  use  in  the  mathematical  analysis  of  test 
Specimens, 

5.4.1  DESCRIPTION  OF  COUPONS 

The  coupons  were  cut  from  the  six  sheets  of  7075  aluminum  from 
which  all  test  specimens  were  fabricated.  The  sheets  were  laid  out, 
each  part  identified,  and  the  entire  sheet  photographed.  The  coupons 
were  selected  such  that  each  sheet  had  coupons  made  from  widely 
scattered  spots.  The  identification  of  each  coupon  was  stamped  on 
its  large  end  to  preclude  loss  and  mix-ups. 

5*4.2  TEST  PROGRAM 

Coupons  were  machined  to  shape  and  divided  into  groups  so  that  each 
group  was  subjected  to  a  time-temperature  history  identical  to  that 
given  the  test  beams  and  columns.  Any  beam  or  column  tested  had 
coupons  made  from  the  same  sheets  of  material  and  subjected  to  an 
identical  time  temperature  history  so  that  the  coupon  test  results  could 
be  used  to  predict  yield  and  failing  loads  for  the  beam  and  column 
test  specimens. 
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5.4.3  TEST  SETUP 

Coupons  were  machined  to  a  constant  .500  width  for  a  length  of  2.25 
inches.  The  extensometer  was  fastened  to  the  center  one  inch  of  this 
constant  section,  and  the  entire  assembly  placed  in  the  Baldwin-South- 
wark  Universal  testing  machine.  Using  the  extensometer  to  drive  one 
axis  and  a  strain  gaged  calibrated  load  link  to  drive  the  other  axis, 
a  continuous  curve  was  drawn  by  the  X-Y  plotter  for  each  coupon  tested. 

Some  tests  were  conducted  at  elevated  temperature  on  the  coupons, 
and  for  this  purpose  a  small,  four-sided  oven  was  placed  around  the 
coupon  and  the  heat  provided  by  quartz  lamps.  A  thermocouple  located 
at  the  center  of  the  coupon  regulated  the  temperature  of  the  coupon. 

The  X-Y  plotter  was  used  to  plot  load  strain  curves  for  these  coupons, 
also. 

All  coupon  data  is  presented  in  Section  A.l. 
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6.0  ANALYTICAL  REPRESENTATION  OF  CROSS-SECTION 


For  the  strain  analysis  procedures  of  Sec#  3#0  to  define  the  load- 
deformation  curves  described  in  Sec#  A#0,  the  cross-section  to  be  investi¬ 
gated  must  be  defined  by  a  finite  number  of  structural  elements#  Specific 
information  regarding  each  of  these  structural  elements  as  to  geometry, 
temperature,  material  properties  and  local  buckling  is  required  to  perform 
the  strain  analysis#  The  geometry  data  includes  the  cross-sectional  area 
of  the  element  and  coordinates  x  and  y  of  the  element  centroid  from  orthog¬ 
onal  references  axes  X  and  Y#  The  temperature  data  includes  the  element 
temperature  to  define  material  properties  and  the  temperature  change  from 
datum  to  define  the  thermal  strains  (and  stresses)  at  any  temperature  step 
in  the  teraperatur e-load  sequence# 

The  material  properties  are  more  complex  and  may  depend  upon  the 
temperature-time  history  of  each  element  in  the  cross-section#  The  co¬ 
efficient  of  thermal  expansion  is  readily  obtained  from  Ref#  (a)  for  the 
commonly  used  aircraft  materials#  The  use  of  the  Ramberg-Osgood  equation 
to  define  the  stress-strain  relationship  of  each  element  in  the  cross- 
section  requires  three  parameters  for  description*  These  are  the  elastic 
modulus  (E),  the  tension  or  compression  yield  stress  (F^y  or  FCy)  at  0#?E, 
and  the  shape  factor  m#  For  normal  design  use,  this  data  should  be  taken 
from  Ref#  (d)  or  may  be  obtained  from  tension  and/or  compression  test 
coupon  stress-strain  curves#  In  addition,  the  ultimate  tension  stress 
(Ftu)  is  used  as  a  stress  cut-off  on  tension  stress-strain  curves  and  the 
compression  yield  stress  cut-off  is  used  on  compression  elements#  In 
many  cases  the  only  yield  stress  available  may  be  the  0#002  in#/in#  off¬ 
set  yield#  The  0#7E  yield  stress  for  the  Ramberg-Osgood  equation  may  be 
obtained  by 


(Fy)o.7E 


^V<),002 


.004677  7—1 - 

tV0.002 


1 

m-1 


Ref.  (j) 


where  (Fy)n#7E  the  0*7^  yield  stress  to  define  the  Ramberg-Osgood  equa¬ 
tion  and  ^Fy;o#002  is  the  appropriate  value  of  0*002  in#/in.  offset  yield 
stress  from  Ref#  (d)# 

For  local  instability  produced  by  compression  buckling,  the  plate  ele¬ 
ment  width  b  and  thickness  t  and  the  buckling  coefficient  K  are  required 
to  define  the  critical  compression  buckling  strain  a3  shown  in  Sec#  3*5# 
However,  strain  forms  of  other  buckling  equations  for  curved  sheet,  inter¬ 
rivet  buckling,  etc#,  may  be  used. 

For  an  analytical  representation  of  the  specimen  cross-sections  the 
following  sections  show  the  cross-section  element  breakdovm,  element  areas, 
centroidal  distances  from  the  reference  axis,  buckling  coefficients  as 
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defined  in  Sec,  8#1  by  strain  gage  data,  element  temperature  data  obtained 
by  thermocouples  during  the  tests,  and  applicable  temperature  exposure 
histories  which  would  affect  the  material  properties  data  of  Sec,  7*0,  The 
buckling  coefficients,  temperature  distribution,  and  temperature  exposure 
history  were  taken  from  test  data  to  establish  compatibility  between  the 
test  and  analysis  conditions, 

.  Note  that  the  temperature  exposure  history  curves  of  Fig.6#6  also  in¬ 
clude  the  temperature-time  curve  for  the  tensile  coupons. 


6,1  ELEMENT  GEOMETRY  AND  BUCKLING  DATA 


The  following  diagrams  and  tables  summarize  the  geometry  and  buckling 
data  for  the  various  types  of  test  specimens#  The  element  areas  shown  in 
the  tables  are  based  on  nominal  dimensions.  For  buckling  modes  other  than 
the  flat  plate  buckling,  the  following  equations  were  used.  For  the  at¬ 
tached  edges  of  the  cover  plates,  experience  has  shown  the  assumption  of 
inter-rivet  buckling  to  work  quite  well,  in  which  case 

+  2 

e<*  ■  K(~)  >  Reference  (  i  ) 

r  s 

where  s  is  the  distance  between  fasteners  and  K  »  3*62,  as  shorn  in  the  tables. 
For  outstanding  legs  of  the  channel  sections  Eq.  (^.5.1)  is  used  with  K  «  0.335 
for  one  side  free,  one  side  and  ends  simply  supported.  The  radius  sections 
of  the  channels  were  considered  as  curved  plates  where 

eCr  -  0.3  (!],  Reference  (  i  ) 

with  R  the  mean  radius  of  curvature.  Flat  sections  of  the  channel  webs  were 
treated  as  flat  plates  in  compression  using  Eq.  (V5*0  with  K  ■  3.62  for 
simply  supported  sides  and  ends. 

For  bending  specimens  B-l,  B-17,  B-3,  B-h,  B-5,  B-6,  B-7j  and  B-8  and 
thermal  cycling  specimens  3-1^  B-13,  B-l^  B-l£  B-10,  B-15,  B-9,  and  B-14  the 
geometry  and  buckling  data  are  shown  in  Figures  6#1  and  6*2# 


CROSS-SECTION  ELEMENT  BREAKDOWN 
BENDING  AND  CRIPPLING  SPECIMENS 
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ELEMENT 

NO. 

AREA, 

An,  in.2 

Y”r, 

inches 

bn, 

inches 

H 

inches 

Kcrn 

BUCKLING 

MODE 

1 

0.62^ 

1.9375 

5 

0.125 

L.325 

Flat  Plate 

2 

0.0625  (2) 

1.9375 

s=1.25 

0.125  i 

3.62 

Inter-Rivet 

3 

0.11*03  (2) 

1.782 

0.75 

0.187 

0.385 

Flat  Plate 

k 

0.193  (2) 

1.5875 

R=0. 655 

0.167 

0.3 

Curved  Plate 

5 

0.11*02  (2) 

0.75 

2.25* 

0.187 

3.62 

Flat  Plate 

6 

0.11*02  (2) 

0 

2.25* 

0.187 

3.62 

Flat  Plate 

7 

0.11*02  (2) 

-0.75 

2.25* 

0.187 

3.62 

Flat  Plate 

8 

0.193  (2) 

-1.5875 

R-0.655 

0.187 

0.3 

Curved  Plate 

9 

0.11*03  (2) 

-1.782 

0.75 

0.187 

0.385 

Flat  Plate 

10 

0.0625  (2) 

-1.9375 

S-1.25 

0.125 

3.62 

Inter-Rivet 

11 

0.625 

-1.9375 

5 

0.125 

li.325 

Flat  Plate 

*Total  flat  plate  width  used  to  define  e<>r  f or  elements  5>  6  and  7. 

FIGURE  6.2 

SUMMARY  TABLE  -  BENDING  SPEC  THEM  GEOMETRY  AND  BUCKLING  DATA 

The  value  of  Kcrn  =  )*.325  in  Fig. 6.2  for  elements  1  and  11  was  defined 
by  test  data  as  shown  in  Section  8.1.1. 

For  crippling  specimens  A-l,  A-2,  A-3,  A-l*,  A-5,  and  A-6,  the  geometry 
and  buckling  data  are  shown  in  Figures  6.1  and  6.3* 

ELEMENT 

NO. 

AREA 

An,  in. 

Ynr, 

inches 

\ 

inches 

inches 

Kcrn 

BUCKLING 

MODE 

1 

0.625 

1.9375 

5 

0.125 

h.985 

Flat  Plate 

2 

0.0625  (2) 

1.9375 

s=1.25 

0.125 

3.62 

Inter  Rivet 

3 

0.11*03  (2) 

1.782 

0.75 

0.187 

0.385 

Flat  Plate 

li 

0.193  (2) 

1.5875 

R= 0*655 

0.187 

0.3 

Curved  Plate 

5 

0.11*02  (2) 

0.75 

2.25* 

0.187 

3.62 

Flat  Plate 

6 

0.11*02  (2) 

0 

2.25* 

0.187 

3.62 

Flat  Plate 

7 

0.1h02  (2) 

-0.75 

2.25* 

0.187 

3.72 

Flat  Plate 

8 

0.193  (2) 

-1.5875 

r-o.655 

0.187 

0.3 

Curved  Plate 

9 

0.11*03  (2; 

-1.782 

0.75 

0.187 

0.385 

Flat  Plate 

10 

0.0625  (2) 

-1.9375 

s=1.25 

0.125 

3.62 

Inter-Rivet 

11 

0.625 

-1.9375 

5 

0.125 

U.985 

Flat  Plate 

m 

*  Total  flat  piate  width  used  to  define  ecr  for  elements 

FIGURE  6.3 

SUMMARY  TABLE  -  CRIPPLING  SPECIMEN  GECISTRY  AND 

5,  6  and  7. 

BUCKLING  DATA 
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The  value  of  Kcr  -  4.985  in  Fig. 6.3  for  elements  1  and  11  was  de¬ 
fined  by  test  data  as  shown  in  Section  8.1.2. 

For  column  specimens  C-l,  C-2,  C-3,  C-4,  C-5  and  C-6  the  geometry  and 
buckling  data  are  shown  in  Figures  6.4  and  6.5. 


X*- 


J., 


NO. 


FIGURE  6.4 

CROSS-SECTICN  ELEMENT  BREAKDOWN 
LCNG  COLUMN  SPECIMENS 


AREA 

An,  in.2 

X»H, 

inches 

V 

inches 

tn, 

inches 

Kcrn 

BUCKLING 

MODE 

0.3905 

0.875 

3.125 

0.125 

U.325 

Flat  Plate 

0.0547  (2) 

0.875 

s-1.125 

0.125 

3.62 

Inter-Rivet 

0.0822  (2) 

0.750 

0.657 

0.125 

0.385 

Flat  Plate 

0.08  (2) 

0.6295 

R=0.1*05 

0.125 

0.3 

Curved  Plate 

0.0861  (2) 

0 

0.689 

0.125 

3.62 

Flat  Plate 

0.08  (2) 

-0.6295 

R=0.1*05 

0.125 

0.3 

Curved  Plate 

0.0822  (2) 

-0.750 

0.657 

0.125 

0.385 

Flat  Plate 

0.051*7  (2) 

-0.875 

s  «=1.125 

0.125 

3.62 

Inter-Rivet 

0.3905 

-0.875 

3.125 

0.125 

U.325 

Flat  Plate 

FIGURE  6.5 

SUMMARY  TABLE  -  LONG  COLUMN  SPECIMEN  GEOMETRY  AND  BUCKLING  DATA 


The  value  of  Kc^  •*  4*325  in  Fig. 6.5  for  elements  1  and  9  is  defined 
as  shown  in  Section  8.1.3.  For  the  critical  column  buckling  strain  defined 
by  the  Euler  equation  refer  to  the  discussion  of  end  restraint  conditions 
in  Section  8.2.2. 


6.2  TEMPERATURE  DATA 

The  temperature  data  shov.n  in  this  section  is  composed  of  three 
distinct  parts  required  to  define  the  thermal  strains  in  Eq.  (3. 1.2) 
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the  material  properties  of  Section  7.0.  For  all  static  load-temperature 
test  specimens  using  elevated  temperature  strain  gages,  the  temperature 
exposure  histories  are  shown  since  the  recovery  of  7075-T6  material  proper¬ 
ties  is  severely  affected  by  the  time  at  temperature  necessary  for  curing 
the  strain  gage  cement.  Temperature  exposure  history  diagrams  are  shown 
for  the  duration  of  the  tests  for  those  specimens  with  maximum  test  tempera¬ 
tures  over  2£0°F.  The  temperature-time  histories  shown  in  these  diagrams 
are  significant  in  that  they  affect  the  recovery  of  material  properties. 

The  steady-state  temperature  distributions  through  the  cross-section  are 
shown  where  these  diagrams  define  the  particular  element  temperatures  for 
calculating  the  thermal  strains  in  Eq.  (3*1*2)  and  for  selecting  the  final 
values  of  _Fy,  Fu,  E  and  m  for  the  Hamberg-Osgood  representation  of  the 
element  stress^strain  curve.  The  selection  of  material  properties  data 
for  all  test  specimens  is  described  fully  in  Section  7.0. 


6.2.1  STRAIN  GAGE  CURING  TEMPERATURE  EXPOSURE  HISTORY 


Since  the  instrumentation  on  many  of  the  test  specimens  included  bonded 
foil-type  elevated  temperature  strain  gages,  the  entire  specimen  was  soaked 
in  a  convection  type  furnace  (Ref.  Section  5*0)  to  cure  the  strain  gage 
cement.  Theoretically,  the  temperature-time  soaking  history  should  be  two 
hours  at  35>0°F.  and  one-half  hour  at  U50°F.  Thermocouples  at  the  middle 
of  the  cover  plates  indicated  the  temperature  exposure  histories  for  the 
elevated  temperature  bending  and  crippling  specimens  to  be  as  shown  in 
Figure  6,6.  The  temperature  exposure  histories  shown  in  Figure  6*6  are  par¬ 
ticularly  important  for  the  definition  of  element  material  properties  in 
Section  7.0  for  several  reasons.  First,  the  tensile  coupon  data  did  not 
accurately  define  the  material  properties  of  the  box  specimens  due  to  the 
critical  nature  of  the  variation  in  temperature  exposure  histories  as  shown 
in  the  curves  of  Figure  6,6 ,  Second,  the  material  properties  for  7075-T6 
aluminum  alloy  were  found  to  be  extremely  sensitive  to  the  exact  time  at 
the  maximum  soaking  temperature.  In  addition,  this  history  constitutes 
the  first  increment  of  the  entire  temperature-time  soaking  history  above 
the  aging  temperature  of  the  material.  For  these  test  specimens,  the  ini¬ 
tial  soaking  time  at  temperatures  p>  lRX)0F.  was  found  to  be  most  critical 
for  defining  material  properties  after  exposure  to  elevated  temperatures 
for  various  times. 

No  temperature  exposure  history  is  shovai  for  the  elevated  temperature 
long  column  specimens  or  the  thermal  cycling  specimens,  since  no  elevated 
temperature  strain  gages  were  used  and  no  bond  curing  was  required. 


6.2.2  TEST  TEMPERATURE  EXPOSURE  HISTORY 

The  figures  in  this  section  summarize  the  test  temperature  exposure 
histories  for  those  test  specimens  having  test  temperatures  ^  250DF.  (aging 
temperature  of  7075-T6).  For  those  specimens  with  maximum  test  temperatures 
of  *2J?0OF.  the  effect  of  the  short  time  at  250°F.  was  negligible.  The  effect 
of  these  temperature  exposure  histories  on  the  material  properties  is  sig¬ 
nificant  due  to  the  high  temperatures  involved,  the  cumulative  effect  of 
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these  histories  vith  those  of  Section  6.2.1,  and  the  variation  in  total 
test  time  required  for  each  individual  specimen.  Figure  6#7  shows  the 
temperature-time  curves  for  bending  specimens  B-3,  B-6,  and  B-7  for  the 
cover  plate  (or  plates)  at  450°F.  during  the  test.  This  temperature  was 
recorded  at  the  middle  of  the  heated  cover  plates1. 

Figure  6#8  gives  the  total  test  temperature  exposure  history  for 
crippling  specimen  A-3  and  shows  the  temperature  at  the  middle  end  at  the 
cooler  edges  of  the  cover  plates.  This  diagram  applies  to  both  heated 
cover  plates  since  the  temperature  gradient  was  symmetrical.  Note  that 
two  peak  temperature  (425°F.)  areas  occur.  The  first  attempt  to  perform 
the  test  shoved  some  necessary  modifications  to  the  test  set  up  and  the 
lamps  were  shut  off  to  effect  the  modification.  The  second  attempt  at 
t  =  29  minutes  was  successful,  and  the  duration  of  the  test  was  approxi¬ 
mately  20  minutes.  The  total  diagram  is  important,  however,  in  that  the 
cumulative  time  at  temperature  affects  the  material  properties  recovery, 
as  shown  in  Section  7*0.  Figure  6*9  shows  the  temperature -time  diagram 
for  specimen  A-6.  Equipment  difficulties  again  necessitated  a  shutdown, 
and  the  total  temperature -time  diagram  is  very  similar  to  that  for  speci¬ 
men  A-3.  As  with  specimen  A-3,  the  total  time  at  temperature  is  important 
to  define  the  recovery  of  material  properties. 

Figure  6#]0  shows  the  test  temperature  exposure  history  for  long  column 
specimens  C-5  and  C-6.  Lamp  circuit  difficulties  were  encountered  with 
C-5  fit  about  340°F,  necessitating  a  temporary  shutdown  of  the  test.  For 
the  long  column  specimens.  Figure  6.]0  constitutes  the  entire  temperature 
exposure  history,  since  no  elevated  temperature  strain  gages  were  used  and 
no  bond  curing  was  required. 

Figure  6.11  shows  the  test  temperature  exposure  histories  for  all  thermal 
cycling  specimens  except  those  tested  in  the  250°F.  environment.  Specimen 
B-l6  had  a  longer  history  than  the  other  specimens  since  temperature 
cycling  was  performed  at  several  fixed  bending  moments  on  this  specimen. 

This  practice  was  discontinued  on  later  specimens  since  data  evaluation 
becomes  unnecessarily  difficult.  Note  in  Figure  6#11  that  the  temperature 
exposure  histories  for  specimens  B-10,  B-15,  B-9,  and  B-l4  were  identical. 
These  four  specimens  represented  the  450°F*  unsymmetrical  temperature  gradient 
tests,  and  since  the  time  at  temperature  was  relatively  easy  to  control  it 
was  decided  to  eliminate  that  variable  from  the  problem.  With  only  a 
limited  amount  of  test  data  available  from  the  four  specimens,  more  efficient 
use  could  be  made  of  the  combined  strain  data  by  eliminating  the  time 
variable.  The  time -temperature  curves  in  Figure  6#11  constitute  the  entire 
temperature  exposure  history  for  the  thermal  cycling  specimens  since  no 
elevated  temperature  strain  gages  were  used  and  no  bond  curing  was  neces¬ 
sary. 


6.2.3  CROSS-SECTION  TEMPERATURE  DISTRIBUTIONS 

The  steady  state  cross-scction  temperature  distributions  for  elevated 
temperatui'e  bending  specimens  B-3  through  B-8  are  shown  in  Figure  6#12# 
The  individual  data  points  are  from  thermocouples  located  as  shown  in 
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Figure  5*8.  The  maximum  temperatures  of  250°F.  and  450°F.  are  not  shovn, 
since  these  were  control  thermocouples  at  the  middle  of  the  cover  plates* 

The  curves  of  Figure  6,12  are  used  in  conjunction  with  those  of  Figures  6.6 
and  6.7  to  define  the  element  material  properties  of  Section  7«0>  and  also 
provide  the  data  for  the  determination  of  the  thermal  strains  in  Equation 
(3*1*2)*  The  two  curves  for  each  specimen  represent  the  distribution  on 
each  side  of  the  box  beam*  For  purposes  of  analysis,  the  average  value 
is  used  for  both  material  properties  evaluation  and  for  calculating  the 
thermal  strain's*  For  the  analysis  this  assumes  temperature  and.  material 
property  symmetry  about  the  Y-axis. 

The  steady  state  cross-section  temperature  distributions  for  crippling 
specimens  A-3  through  A-6  are  shown  in  Figure  6.13*  Thermocouples  on 
these  specimens  are  located  identically  to  those  on  the  bending  specimens 
as  shown  in  Figure  5*8.  The  maximum  cover  plate  temperatures  of  250°F. 
and  450°F.  are  not  shown  in  Figure  6 #13,  since  these  were  the  control  thermo¬ 
couple  temperatures*  Figure  6.13  is  used  in  conjunction  with  Figures  6.6,  6.8 
and  6*9  to  define  the  element  material  properties  of  Section  7*°  and  pro¬ 
vide  temperature  data  for  Equation  (3*1*2).  The  assumption  of  temperature 
and  material  property  symmetry  about  the  Y-axis  is  maintained  for  purposes 
of  analysis  by  using  the  average  temperature  between  the  two  sides  of  the 
specimen. 

Steady  state  temperature  distributions  for  long  column  specimens  C-3  thru  C- 6 
are  shown  in  Figure  6.14*  Thermocouples  were  located  as  shown  in  Figure  5.8 
with  the  control  thermocouples  located  in  the  middle  of  the  cover  plates 
to  record  the  maximum  temperature  of  250°F.  or  450°F.  and  control  the 
heat  input.  Figure  6*14  is  used  in  conjunction  with  Figure  6.10  to  define 
the  element  material  properties  of  Section  7*0  and  provide  temperature 
data  for  Equation  (3*1*2).  As  with  the  bending  and  crippling  specimens, 
symmetry  about  the  Y-axis  is  maintained  by  using  the  average  temperature 
between  the  two  sides  of  the  specimen* 

The  steady  state  cross-section  temperature  distributions  for  all 
thermal  cycling  specimens  are  shown  in  Figures  6.15  and  6.l6.  Thermocouples 
were  located  as  for  the  bending  specimens  shown  in  Figure  5*8  with  the 
250°F.  or  450°F.  control  thermocouples  located  in  the  middle  of  the  cover 
plates*  These  figures  are  used  in  conjunction  with  Figure  6.]1  to  define 
the  element  material  properties  shovn  in  Section  7*0  and  to  provide 
temperature  data  for  Equation  (3*1*2)*  As  with  the  bending  specimens, 
symmetry  about  the  Y-axis  is  assumed  for  calculation  purposes  by  using 
the  average  temperature  between  the  two  sides  of  the  specimen. 


( 


NORTH  AMERICAN  AVIATION,  INC.  07^ 

COLUMBUS  DIVISION 

_ COLUMBUS  16,  OHIO  _ Pa/rp  58 

Figure  6.6 

Strain  Gage  Curing  Temperature  Exposure  Histories 
Tensile  Coupons 

Crippling  Specimens  A-3  through  A-6 
Bending  Specimens  B-3  through  B-8 
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FIGURE  6.7 

TEST  TEMPERATURE  EXPOSURE  HISTORY 
BENDING  SPECIMENS  B-3,  B-6,  and  B-7 
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Figure  6«10 

Test  Temperature  Exposure  History- 
Long  Column  Specimens  C-5  and  C-6 
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Temperature  Cycle 
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Figure  6,15 

Cross-Section  Temperature  Distribution  (Steady  State) 
Thermal  Cycling  Specimens  (Reference  Fig.  5.8) 
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Figure  6.16 

Cross-Section  Temperature  Distribution  (Steady  State) 
Thermal  Cycling  Specimens  (Reference  Fig.  5*8) 
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7.0  MATERIAL  PROPERTIES 

No  methods  or  procedures  for  defining  the  ultimate 
strength  or  a  given  amount  of  permanent  set  for  a  par¬ 
ticular  structure  can  be  any  better  than  the  basic  material 
properties  used  as  imput  data.  Since  a  comparison  of 
analytical  and  experimental  load-deformation  curves  was 
of  particular  importance  in  this  study,  considerable 
attention  was  given  to  the  definition  of  the  basic  proper¬ 
ties  used  to  establish  the  proper  Ramberg-Osgood  stress- 
strain  curve  for  each  element  in  the  cross-section.  The 
use  of  7O75-T6  aluminum  alloy  at  temperatures  above  the 
aging  temperature,  and  complex  temperature  exposure 
histories  due  to  strain  gage  curing  and  varying  times  at 
the  higher  test  temperatures  considerably  complicate  the 
problem  of  defining  the  structural  element  material 
properties.  Prior  to  the  consideration  of  any  elevated 
temperature  properties  it  was  necessary  to  define  the 
basic  room  temperature  properties  reasonably  accurately. 
Ordinarily  this  would  not  be  necessary  in  the  design 
problem  since  the  use  of  either  90  percent  probability  or 
minimum  guaranteed  values  from  Ref.  (  d  )  ensures  some 
conservatism  in  the  design.  However,  for  this  study  any 
comparison  of  analytical  and  experimental  data  could  not 
be  made  if  a  common  material  properties  basis  were  not 
used.  The  definition  of  the  yield  stress  is  particularly 
important  since  this  value  is  most  critical  in  the  Ramberg- 
Osgood  equation.  The  exact  value  of  the  ultimate  stress 
is  somewhat  less  important,  particularly  for  structures 
which  tend  to  fail  by  local  instability.  The  evaluation 
of  elevated  temperature  properties  must  include  the  effects 
of  previous  temperature  exposure,  especially  when  the 
previous  temperatures  may  have  exceeded  the  aging  tempera¬ 
ture. 

The  following  sections  describe  the  procedures  used 
to  define  the  material  properties  for  all  test  specimens. 
The  temperature  exposure  histories  and  the  structural 
temperature  distributions  are  shown  in  the  figures  in 
Sec,  6.0.  Summary  tables  of  applicable  element  material 
properties  ere  given  for  each  of  the  elevated  temperature 
test  specimens. 

Appendix  A  includes  all  curves  for  the  tensile  and 
compression  coupons. 
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7.1  TENSION  AND  COMPRESSION  COUPON  DATA 

In  order  to  establish  compatibility  between  the  test  specimens  and 
the  theoretical  analysis,  a  separate  coupon  test  program  was  initiated 
to  determine  the  basic  material  properties  of  the  specific  aluminum 
alloy  sheets  used  for  specimen  fabrication  and  to  determine  room  and 
elevated  temperature  properties  after  exposure  to  an  elevated  temperature 
environment.  Essentially  the  limited  coupon  program  served  three  specific 
functions : 

(a)  The  basic  room  temperature  material  properties  were  defined  for 
0.125  inch  and  0.187  inch  7075-T6  bare  sheet  and  0.125  inch  clad 
sheet. 

(b)  The  recovery  of  material  properties  for  the  three  thickness- 

material  combinations  was  defined  for  a  specific  elevated  tern-  | 

perature  exposure  history  (theoretically,  2  hours  at  350°  and  [ 

1/2  hour  at  Ii50°F.).  * 

(c)  Compression  coupons  were  taken  from  two  tensile  coupons  and 
one  box  crippling  specimen  to  verify  the  assumption  that  com¬ 
pression  yield  recovery  was  similar  to  tension  yield  recovery 
and  to  investigate  the  variation  of  properties  with  a  variation 
in  elevated  temperature  soaking  time  betvreen  the  box  specimens 
and  test  coupons. 

The  tensile  coupon  material  properties  data  summary  table  is  shown  in 
Figure  7*1  where  the  yield  stress  is  the  conventional  value  defined  by 
the  0.002  in. /in.  offset.  The  tensile  coupon  Ramberg-Osgood  summary 
table  is  shown  in  Figure  7#2  where  the  three  parameters  for  defining  the 
analytical  representation  of  the  stress-strain  curve  are  shown  for  each 
coupon.  Figure  7*3  shows  the  material  properties  data  and  the  Ramberg- 
Osgood  data  for  the  compression  coupons.  The  individual  tensile  and 
compression  coupon  stress-strain  curves  as  measured  during  the  tests  are 
shown  in  Figures  A#l*l  ihrou$i  A*l»10  iiAppendix  A.  Using  these  curves,  the 
modulus  of  elasticity,  the  yield  stress  for  Esec  «  0.7E,  and  the  stress- 
strain  curve  shape  factor  were  defined.  The  shape  factor  m  was  deter¬ 
mined  using  two  points  on  the  stress-strain  curve  as  described  in  Refer¬ 
ence  (  f  ).  Note  that  the  maximum  value  shown  for  m  (tension)  or  m  (com¬ 
pression)  is  l|0.  This  is  the  maximum  value  that  can  be  handled  by  the 
Ramberg-Osgood  stress-strain  subroutine  of  the  IBM  70?  digital  computer 
program  used  in  this  study.  The  errors  introduced  by  this  simplification 
are  very  small  since  the  stress-strain  curve  with  m  «  I4O  has  a  very 
sharp  knee  in  the  yield  region  and  considerably  higher  values  of  m  produce 
only  slight  changes  in  the  shape  of  the  curve.  The  actual  calculated 
values  of  m  are  shovrn  for  purposes  of  comparison.  The  difference  in  the 
shape  factor  m  for  tension  and  compression  was  considered  by  comparing 
the  typical  tension  and  compression  stress-strain  curves  of  Figure  3*2.7*l*6(a) 
of  Reference  (  d  ). 

The  individual  data  points  for  the  tensile  and  compression  coupons  are 
plotted  in  Figures  7#4  and  7# 5  for  the  0.002  in. /in.  offset  yield  stress  and 
tensile  ultimate,  respectively.  This  coupon  data  is  used  in  conjunction 
with  the  curves  of  Figures  7*14  srd  7*33  to  define  tr  et  specimen  element 
material  properties. 
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Although  the  anticipated  temperature-time  history  for  the  material 
recovery  tensile  coupons  was  2  hours  at  3£0°F.  and  1/2  hour  at  L50°F., 
the  actual  temperature -time  history  as  measured  in  the  furnace  was  as 
shown  in  Figure  6#6#  This  temperature  exposure  history  was  used  to 
calculate  the  Lars on -Miller  Parameters  for  the  tensile  coupons  as  shown 
in  Section  7.2.2* 

Details  of  the  tensile  and  compression  coupons  and  the  methods  of 
testing  are  described  in  Section 
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FIGURE  7*1 

TENSILE  COUPON  MATERIAL  PROPERTIES  DATA 
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FIGURE  7.3 

COMPRESSION  COUPON  MATERIAL  PROPERTIES  AND 
RAMBERG-OSGOOD  DATA 
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7.2  COMPLEX  TEMPERATURE  EXPOSURE 

The  static  tests  and  data  evaluation  of  aluminum 
alloy  structures  may  be  affected  considerably  by  previous 
temperature  exposure  histories  whether  the  tests  are 
performed  at  elevated  temperature  or  are  simulated  at 
room  temperature.  In  either  case  it  is  necessary  to 
know  the  net  material  properties  if  permanent  set, 
yield,  and  ultimate  test  data  are  to  be  interpreted 
correctly.  These  temperature  exposure  histories  may 
be  produced  by  several  factors  depending  upon  whether 
the  test  is  performed  at  elevated  temperature  or  is 
simulated  at  room  temperature.  First,  if  the  elevated 
temperature  test  is  to  be  performed,  the  use  of  elevated 
temperature  strain  gages  requires  curing  at  high  tem¬ 
peratures  for  specific  times.  These  temperatures,  may, 
in  some  cases,  be  beyond  the  aging  temperature  of  the 
material  and  produce  permanent  losses  of  material 
properties  which  must  be  accounted  for.  Second,  the 
flight  mission  temperature -time  histories  must  be 
allowed  for  either  by  simulation  or  by  actually  heating 
and  cooling  the  structure  for  various  periods  of  time. 
Finally,  the  actual  test  temperature- time  history  and 
structural  temperature  distribution  add  to  the  complexity 
of  the  temperature  exposure  history.  The  problems  are 
much  more  pronounced  with  aluminum  alloy  and  are  highly 
dependent  on  the  actual  temperatures  involved  in  each 
of  the  aforementioned  factors. 

The  simulated  elevated  temperature  test  at  room 
temperature  precludes  the  use  of  high  temperature 
curing  for  elevated  temperature  strain  gages  and  elimi¬ 
nates  this  factor  from  consideration.  However,  the 
flight  mission  temperature -time  history  and  the  critical 
design  condition  structural  temperature  distribution 
must  be  included  in  the  calculated  elevated  temperature 
load-deformation  curve  for  each  cross-section.  The 
effects  of  these  various  temperature  exposure  histories 
are  additive  and  some  realistic  accumulation  procedure 
must  be  used  to  obtain  a  final  net  allowable  stress  for 
each  element  in  the  cross-section. 

Since  the  material  properties  data  in  Ref.  (  d  ) 
is  incomplete  from  a  recovery  standpoint  the  procedures 
of  Ref.  (  e  )  were  investigated  and  appear  to  work 
quite  well. 
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7*2.1  ACCUMULATION  PROCEHU^  FOR  COMPLEX  TEMPERATURE  HISTORIES 

The  use  of  a  time -temperature  exposure  parameter  such  as  the  L&rson- 
Miller  Parameter  where 

L.H.  -  T(C  +  log  t) 

to  define  the  strength  of  aluminum  alloys  at  any  temperature  after  exposure 
to  a  given  time-temperature  environment  has  been  successfully  demonstrated 
by  Reference  (  e  ).  The  specific  thermal  exposure  curves  for  7075-T6 
aluminum  alloy  (Figures  1  and  6  of  Reference  (  e  )  are  replotted  in  Figures 
7#4  and  7#5  of  this  report  showing  the  correlation  between  North  American 
Aviation,  Inc.  tensile  and  compressive  coupon  data  and  the  curves  from 
Reference  (  e  )  where  the  specific  Larson-Miller  Parameter  is 

L.M.  -  T(16.£  +  log  t) 

Refer  to  Reference  (  e  )  for  the  determination  of  the  material  constant 
for  7075-T6  aluminum  alloy,  C  =  16.5*  Considering  the  normal  scatter  of 
elevated  temperature  coupon  data  when  complex  temperature  histories  are 
involved,  the  correlation  was  considered  sufficiently  accurate  to  allow 
the  use  of  Figures  7 #4  and  7#5  for  defining  the  element  material  proper¬ 
ties  of  the  bending,  crippling,  and  long  column  specimens  of  this  program. 

Since  the  test  specimens  had  a  wide  variety  of  temperature  exposure 
histories  which  included  various  combinations  of  strain  gage  curing  and 
test  temperature  histories,  an  accumulation  procedure  is  required  to  ac¬ 
curately  define  the  final  value  of  the  Larson-Miller  Parameter  for  each 
structural  element  in  the  test  specimen  cross-section.  Reference  (  e  ) 
essentially  indicates  two  distinctly  different  processes  which  may  be 
used  to  determine  design  strength  after  exposure  to  a  complex  thermal  en¬ 
vironment.  The  conversion  process  of  Section  3*3  of  Reference  (e  )  and 
the  use  of  a  reference  temperature,  Tref.,  as  outlined  in  Section  I*.!  of 
Reference  (  e  )  may  be  sufficiently  accurate  for  many  cases,  but  may  have 
some  limitations,  depending  upon  the  particular  time  temperature  history. 
Previous  studies  by  North  American  Aviation,  Inc.  (Columbus  Division) 
have  indicated  that  the  net  recovery  of  material  properties  is  not  only 
a  function  of  time  and  temperature  accumulation,  but  is  very  probably  a 
function  of  the  order  in  which  the  time -temperature  increments  are  applied. 
The  summation  of  equivalent  times  at  some  reference  temperature  does  not 
allow  for  the  order  of  the  time-temperature  increments.  The  studies  per¬ 
formed  by  the  Columbus  Division  of  North  American  Aviation,  Inc.  have  shown 
that  by  reversing  the  order  of  two  specific  time -temperature  increments, 
it  is  possible  to  obtain  two  distinctly  different  values  of  the  material 
property  recovery  factor.  Reference  (  e  )  has  made  a  valuable  contribu¬ 
tion  to  the  solution  of  the  material  property  recovery  problem  in  the  use 
of  the  Larson-Miller  Parameter,  However,  it  is  believed  that  insufficient 
evidence  is  available  to  establish  the  use  of  equivalent  time  at  some 
reference  temperature  for  complex  exposure  histories.  Therefore,  the  pro¬ 
cedures  of  Reference  (  e  )  vrere  slightly  modified  to  account  for  the  order 
of  time-temperature  increments  in  defining  the  material  properties  for 
analysis  of  the  test  specimens . 
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The  accumulation  procedure  used  is  essentially  that  described  in 
Section  3.3  of  Reference  (  e  )  where  the  first  increment  time  and  tempera¬ 
ture  are  converted  to  an  equiva  lent  time  at  the  temperature  of  the  second 
increment.  The  time  at  the  second  increment  temperature  is  added  to  the 
equivalent  time  from  the  first  increment  to  obtain  a  net  equivalent  time 
at  the  second  increment  temperature.  This  net  equivalent  time  is  converted 
to  a  new  equivalent  time  at  the  temperature  of  the  third  time-temperature 
increment  and  the  actual  time  at  the  third  increment  temperature  is  added 
to  obtain  the  total  equivalent  time  at  the  third  increment  temperature. 

This  procedure  is  continued  for  as  many  finite  time -temperature  increments 
as  necessary  to  define  the  time-temperature  exposure  of  any  structural 
element.  The  significance  of  this  extension  of  the  procedures  of  Section 
3.3  of  Reference  (  e  )  lies  in  the  fact  that  the  time -temperature  incre¬ 
ments  are  considered  in  the  order  in  which  they  actually  occur.  The  con¬ 
version  to  an  equivalent  time  in  each  case  is  performed  as  described  in 
Reference  (  e  ),  using  Figure  or  7*5  (Figure  1  or  6  of  Reference  (e)). 

The  net  result  of  this  accumulation  procedure  is  an  equivalent  time  at  the 
final  (or  test)  temperature  whereby  the  net  Larson -Miller  Parameter  is 
readily  calculated  using  this  time  and  temperature. 

The  calculations  to  determine  the  Larson-Miller  Parameters  for  the 
structural  elements  of  the  test  specimens  and  the  tensile  coupons  are  shown 
in  Section  7.2.2. 
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7.2.2  DETERMINATION  OF  I ARSON-MILLER  PARAMETERS 

For  bending  specimens  B-3  through  B-8  the  strain  gage  curing 
temperature  exposure  history  shown  in  Fig.  6.6  is  divided  into 
the  following  temperature-time  increments. 


22  min.  @  325°F.  =  O.367  hr. 
108  min.  @  370°F.  =1.8  hrs, 
6.5  min.  @  400°F.  =  0.109  hr. 
13.5  min.  @  1*50°F.  =  0.225  hr. 
18  min.  @  U75°F.  =0.3  hr. 


©  325°F. 
©  370°F. 
©  1+00°F. 
@  450°f. 
©  i*75°F. 


Using  the  above  data  the  accumulation  of  time  at  temperature 
i6  defined  by  the  methods  of  Ref.  (  e  )  and  Sec.  7.2.1  to 
determine  the  equivalent  time  at  the  final  temperature  of 
1*75°F. 

O.367  hr.  ©  325°F.  = 


.047  hr.  @  370°F. 
1.800  hr.  ©  370°F. 

1.81*7  hr.  @  370°F.  = 


.062  hr.  @  1+00°F. 
.109  hr.  @  1*00°F. 

.171  hr.  ©  1*00°F. 


.023  hr.  ©  1*50°F. 
.225  hr.  ©  1*50°F. 
.21*8  hr.  @  1*50°f. 


Equivalent  time  at  final  temperature 


.01*0  hr.  @  1*75°F. 
>300  hr «  g  kTj°F. 
.3^0  hr.  @  475°F. 


The  Larson-Miller  Parameter  for  0.3^0  hr.  @  475°F.  is  obtained 
from  Fig.7J*  or  7*5>  or  calculated  hy  L.M.  «  T(l6.5  +  log  t)  = 

935  (16.5  +  log  0.3^0)  =  15000.  This  value  of  the  Larson- 
Miller  Parameter  is  used  for  all  structural  elements  in 
bending  specimens  B-3  through  B-8  which  are  unaffected  by 
subsequent  elevated  temperature  exposure  during  the  test. 
Specimens  B-4,  B-5,  and  B-8  are  entirely  unaffected  by  the 
test  temperature  exposure  since  the  maximum  temperature 
at  the  middle-  of  the  cover  plates  is  250°F. 

For  those  test  specimens  exposed  to  l50°F.  during  the  per¬ 
formance  of  the  test  the  additional  temperature -time  accumulation 
for  the  450°F.  elements  and  the  associated  Larson-Miller 
Parameters  are  calculated  as  follows. 

Specimen  No.  B-3 

The  total  temperature -time  exposure  history  beginning  with 
the  net  accrued  strain  gage  curing  exposure  history  is: 

0.3^0  hr.  ©  »*750F.;  0.072  hr.  @  350°F.;  0.232  hr.  G  l»50°F. 
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where  the  last  two  increments  are  from  Fig.  6.7.  The  second 
temperature-time  interval  of  0.072  hr.  ©  35°°F*  is  negligible 
and  is  not  included  in  the  accumulation  calculations. 

From  Sec.  7*2.1, 

0.3^0  hr.  ©  1+75°F.  =  0.950  hr.  @  1+50°F. 

0.232  hr.  ©  450°F. 

Equivalent  time  at  final  temperature=  1.182  hr.  @  to 50°F. 

The  Larson-Miller  Parameter  for  the  to-50°F.  elements  of  B-3 
is  found  from  Fig.  7.  to  or  7*5.  or  calculated  to  he 
L.M.  =  910  (16.5  +  log  I.I82)  =  15100 

The  Larson-Miller  Parameter  for  all  other  elements  in  the 
cross-section  must  then  be  between  the  values  of  15000  and  15100. 

Specimen  No.  B-6 

The  total  temperature -time  exposure  history  beginning  with 
the  net  accrued  strain  gage  curing  exposure  history  is: 

0.3^0  hr.  ©  to75°F.;  O.O37  hr.  ©  350°F.;  0.273  hr.  ©  to50°F. 
where  the  last  two  increments  are  from  Fig.  6.7.  The  second 
temperature -time  interval  of  0.037  hr.  ©  35°°F*  is  not 
included  in  the  accumulation  calculations.  From  Sec.  7*2*1, 

0.3*40  hr.  @  *475°F.  *  O.950  hr.  ©  *450°F. 

0.273  hr.  g  ^50°F. 

Equivalent  time  at  final  temperature  «  1.223  hr.  ©  *450°F. 

The  Larson-Miller  Parameter  for  the  *450°F.  elements  of  B-6  is 
found  from  Fig.  7*^ or  7*5,  or  calculated  to  be 
L.M.  ®  910(16.5  +  log  1.223)  «  15120 

The  Larson-Miller  Parameters  for  all  other  elements  in  the 
cross-section  lie  between  the  values  of  15000  and  15120. 

Specimen  No.  B -7 

The  total  temperature -time  exposure  history  beginning  with 
the  net  accrued  strain  gage  curing  exposure  history  is: 

0.3*40  hr.  ©  ^75°F. ;  0.0*47  hr.  ©  350°F.;  0.208  hr.  ©  *450°F. 
where  the  last  two  increments  are  from  Fig.  6.7  and  the  second 
increment  of  0.0*47  hr.  @  350°F*  is  neglected  in  the  accumulation 
calculations.  From  Sec.  7*2.1, 

0.3*40  hr.  ©  *475°F.  =  O.95O  hr.  ©  *45Q°F. 

0.208  hr.  ©  *45 0°F. 

Equivalent  time  at  final  temperature  »  I.I58  hr.  ©  *4  50°F. 
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The  Larson -Miller  Parameter  for  the  l+50°F.  elements  of  B-7 
is  found  from  Pig.T^or  7*5.  or  calculated  to  be 
L.M.  »  910(16.5  +  log  I.I58)  =  15070 

The  Larson-Miller  Parameters  for  all  other  elements  in  the 
cross-section  lie  between  15OOO  and  15070. 

Using  these  Larson-Miller  Parameters  and  the  test  temperature 
distributions  in  Sec .6,0  the  material  properties  are  obtained 
from  the  curves  in  Sec.  7.2.3  and  summarized  for  all  elements 
in  each  test  specimen  in  Sec.  7«3* 

For  crippling  specimens  A-3  through  A-6  the  strain  gage  curing 
temperature  exposure  history  of  Fig.  6*6  is  divided  into  the 
following  temperature  time  increments , 


15  min. 
113  min. 

7  min. 
20  min. 

16  min. 


300°F. 

350°F. 

375°F. 

425°F. 

l50°F. 


=  0.25  hr. 

=  1.883  hrs. 
=  0.117  hr. 

=  0.333  hr. 
=  0.267  hr. 


@  300°F. 
@  350°F. 
@  375°F. 
@  U250F. 
@  1+50°F. 


The  equivalent  time  at  the  final  temperature  of  1 50°F .  is 
defined  by  the  methods  of  Ref.  (  e  )  and  Sec.  7*2.1  as  for 
the  bending  specimens. 

0.25  hr.  @  300°F.  = 


.025  hr. 
1.883  hr. 


350°F. 

350°F. 


I.908  hr.  @  350°F.  * 


O.55  hr.  @  375°F. 
0.117  hr.@  375°F. 
0.667  hr.@  375°F. 


0.08  hr.  @  425°F. 
0.333  hr.  @  425°F. 


0.iil3  hr.  @  425°F.  * 

0.140  hr.  @  450°F 
0.267  hr.  %  4^0°F 

Equivalent  time  at  final  temperature  =  0.407  hr.  @  4-50°F 

The  Larson-Miller  Parameter  for  0.407  hr.  @  450°F.  is  calculated 
by  L.M.  =  910(l6.5  +  log  0.407)  =  14660.  However,  compression 
coupons  taken  directly  from  A-4  (Fig.A.U0)  compared  with  the 
curves  of  Fig. 7*4  indicate  that  a  value  of  L.M.  =  14600  is 
more  realistic  for  the  0.125  inch  cover  plates.  The  temperature 
exposure  history  of  Fig. 6,6  was  obtained  by  thermocouples  on 
the  0.125  inch  cover  plates  indicating,  at  least,  favorable 
agreement  between  coupon  data  and  the  use  of  the  Larson-Miller 
Parameter.  Coupons  taken  from  the  0.107  inch  channel  webs 
indicated  a  much  higher  yield  stress  than  expected  for  the 
temperature  exposure  history  of  Fig.  6.6*  Investigation 
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indicated  the  probable  cause  to  be  a  lag  in  the  temperature- 
time  diagram  and  less  time  at  the  maximum  temperature  for  the 
thicker  material.  The  coupon  data  from  Fig.  A. 1.10  is  plotted 
in  Fig. 7*^  and  indicates  that  a  value  of  L.M.  »  lUl4o  is  more 
realistic  for  the  O.187  inch  channel  elements.  For  reasons 
of  material  property  compatibility  between  test  specimens, 
and  analysis  and  coupon  data  availability,  the  material 
properties  for  analysis  were  based  on  L.M.  =  1^600  for  the 
0.125  inch  cover  plates  and  L.M.  «  l^l^O  for  the  O.I87  inch 
channel  elements.  These  values  of  the  Larson -Miller 
Parameter  were  used  for  all  structural  elements  in  crippling 
specimens  A-3  through  A -6  which  were  unaffected  by  subsequent 
elevated  temperature  exposure  during  testing.  Specimens 
A-1+  and  A-5  were  entirely  unaffected  by  test  temperature 
exposure  since  the  maximum  test  temperature  was  250°F. 

Resultant  material  properties  for  A-4  and  A-5  are  summarized 
in  Tables  1  and  2  of  Fig.  7.15* 

For  specimen  A-3  the  intersection  of  L.M.  *  1^600  with  the 
exposure  temperature  line  of  1+50°F.  indicates  an  equivalent 
time  of  0.35  hr.  at  450°F.  for  the  strain  gage  curing  alone. 
Beginning  with  this  equivalent  time  at  temperature  and  adding 
the  test  temperature  exposure  history  of  Fig.  6.8,  the  total 
temperature  exposure  history  is  expressed  by  the  following 
increments  for  elements  1  and  11  of  specimen  A-3*  The 
temperature -time  increments  for  the  equivalent  strain  gage 
curing  and  the  test  temperature  exposure  history  of  Fig.  6.8  are: 

0.35  hr.  @  1*50°F.;  O.O83  hr.  @  1*25°F.;  O.35  hr.  @  1*25°F.  = 

0.35  hr.  @  1*50°F.  and  0.1*33  hr.  @  1*25°F. 

0.35  hr.  @  1*50°F.  =  1.000  hr.  ®  1*25°F. 

0.1«33  hr.  @  1*23°F. 

Equivalent  time  at  final  temperature  =1.1*33  hr.  @  1*25°F. 

The  Larson-Miller  Parameter  for  elements  1  and  11  for  1.1*33 
hr.  @  1*2 5°F.  is 

L.M.  =  885(16.5  +  log  1.1*33)  =  ll*750 

The  Larson-Miller  Parameters  for  all  other  elements  are 
determined  in  an  identical  manner,  the  material  properties 
obtained  from  Figures  7.12  and  7.I3  and  the  results  summarized 
in  Table  3  of  Fig.  7.15. 

For  specimen  A-6  the  equivalent  time  at  temperature  for 
6train  gage  curing  of  the  0.125  inch  cover  plate  is  identical 
to  that  for  specimen  A-3  (0*35  hr.  @  450°F.)t  Beginning 
with  this  value  and  adding  the  test  temperature  exposure 
history  of  Fig. 6.9  for  element  1  the  total  temperature 
exposure  history  for  element  1  is: 

0.35  hr.  @  l*50°F.j  0.10  hr.  @  1*25°F.;  0.1*0  hr.  @  1*?5°F.  = 

0.35  hr.  @  1+50°F.  and  0.500  hr.  @  1*25°F. 
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0.35  hr.  8  i*50°F.  -  1.000  hr.  @  h2$°F. 

0.500  hr.  ®  |j25°F. 

Equivalent  time  at  final  temperature-1.500  hr.  @  h25uF. 

The  Larson-Miller  Parameter  for  element  1  is 
L.M.  »  885(16*5  +  log  1.500)  -  1U760 

The  Larson-Miller  Parameters  for  all  other  elements  are 
determined  in  an  identical  manner,  depending  upon  the  test 
temperatures  and  the  material  properties  obtained  from 
Figures  7*12  and  7*13*  The  results  are  summarized  in 
Table  k  of  Figure  7.15* 

Long  column  specimens  C-3  and  C-l*  utilized  no  elevated  tempera¬ 
ture  strain  gages  and  did  not  have  a  strain  gage  curing  tempera¬ 
ture  history.  In  addition,  the  test  temperature  exposure  his¬ 
tory  for  these  two  specimens  was  a  maximum  of  1/2  hour  at 
250°F.  Therefore,  the  conventional  short  time  (1/2  hour)  mater¬ 
ial  properties  can  be  used.  For  consistency,  the  material  prop¬ 
erty  factors  were  taken  from  Figures  7*12  and  7*13  for  L.M.  « 

11800.  The  material  properties  for  these  two  specimens  are 
summarized  in  Tables  1  and  2  of  Figure  7*16* 

Long  column  specimen  C-5  had  no  strain  gage  curing  temperature 
histoiy  and  the  test  temperature  history  was  as  shown  in  Figure  6.10 
for  the  critical  7075-T6  (clad)  cover  plate  elements.  For  ele¬ 
ments  1  and  9  of  specimen  C-5,  the  total  temperature  exposure 
history  can  be  expressed  as  a  single  increment  of  9  minutes  at 
U50°F.  ■  0.15  hour  at  l450°F.  The  Larson-Miller  Parameter  is 

L.M.  »  910(16.5  +  log  0.15)  -  11*260 

The  coolest  element  in  the  cross-scction  is  element  5  at  380°F. 
and  the  Larson-Miller  Parameter  is 

L.M.  -  81*0(16.5  +  log  0.15)  «  13150 

All  other  elements  in  the  cross-section  have  values  between 
L.M.  *  ll*260  and  L.M.  *  13150,  which  may  vary  according  to  the 
test  temperature.  The  material  properties  are  obtained  from  the 
curves  of  Section  7.2.3  and  the  results  summarized  in  Table  3  of 
Figure  7*1 6  in  Section  7.3. 

Long  column  specimen  C-6  had  no  strain  gage  curing  temperature  his¬ 
tory,  and  the  test  temperature  history  was  as  shown  in  Figure  6.10* 
For  element  1,  a  single  increment  of  12  minutes  at  l450°F.  is 
used  to  represent  the  total  temperature-time  history.  The  Larson- 
Miller  Parameter  for  element  1  is 

L.M.  «  910(16.5  +  log  0.2)  »  11*375 

The  coolest  element  above  the  aging  temperature  of  250°F.  is 
element  1*  with  T  *  318°f.  '  The  Larson-Miller  Parameter  is 
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L.M.  »  778(16.5  +  log  0.2)  -  12300 

Elements  2  and  3  will  have  values  between  L.M.  «  11*375  and 
L.M.  »  12300,  while  elements  5  through  9  have  L.M.  *  11800 
(conventional  short  time  properties).  The  material  properties 
are  obtained  from  the  curves  of  Section  7.2.3  and  the  results 
summarized  in  Table  k  of  Figure  7#l6  in  Section  7*3* 

For  those  tensile  coupons  with  a  theoretical  temperature  ex¬ 
posure  history  of  2  hours  at  350°F.  and  1/2  hour  at  1j50°F., 
the  actual  history  is  shown  in  Figure  6.0  and  is  represented 
by  the  following  two  increments. 

13h  minutes  ©  350 °F.  =2.23  hours  0  350°F. 
kO  miiiutes  @  U50°F.  =  0.67  hours  ©  L50°F. 

Applying  the  accumulation  procedures  of  Reference  (  e  )  and 
Section  7.2.1, 

2.23  hours  ©  350°F.  -  0.033  hr.  ©  L50°F. 

0.670  hr.  ©  L50°F. 

Equivalent  time  at  final  temperature  -  0.7o3  hr.  ©  U50°F. 

The  Larson-Miller  Parameter  for  use  with  Figure  7*^  is 

L.M.  *  910(16.5  +  log  0.703)  »  li|870 

For  tensile  coupons  5-3,  6-7,  and  5-18,  with  1/2  hour  at  h50°F., 
2  hours  at  Ij500F.,  and  6  hours  at  L50°F.,  respectively,  the 
Larson-Miller  Parameters  are  as  follow; 

Coupon  5-3 

L.M.  =  910(16.5  +  log  0.5)  -  1U750 
Coupon  6-7 

L.M.  =  910(16.5  +  log  2.0)  »  15300 
Coupon  5-18 

L.M.  =  910(16.5  +  log  6.0)  =  15730 

The  compression  coupons  from  the  tensile  coupons  have  the  same 
Larson-Miller  Parameter  as  the  tensile  coupon.  The  compression 
coupons  from  crippling  Specimen  A-U  are  described  on  Pages  82 
and  83. 
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The  Larson-Miller  Parameters  for  all  ^50°F.  thermal  cycling 
specimens  are  shown  in  Figures  7,6  through  7.H.  These  valueB 
were  calculated  as  for  the  bending  specimens  using  the  temperature 
exposure  histories  of  Figure  6.11.  Values  are  shown  for  each  cycle 
in  the  temperature -load  sequence  since  the  material  properties 
were  continually  varying.  The  effect  of  these  varying  properties 
must  be  allowed  for  in  order  to  evaluate  whether  true  thermal 
cycling  is  occurring  or  if  any  strain  accumulation  is  predominantly 
due  to  lover  stress-strain  curves  at  each  cycle.  For  the  Larson- 
Miller  Parameters  shown  the  material  properties  are  obtained  from 
the  curves  of  Section  7*2.3  and  summarized  in  Tables  1  through  7 
of  Figure  7.17. 
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FIGURE  7.6 

SUMMARY  —  LARSON -MILLER  PARAMETERS  FOR  COVER  PLATE  ELEMENTS  1  AND  11  OF 
THERMAL  CYCLING  SPECIMEN  NO.  B-l6,  450°F.  SYMMETRICAL  TEMPERATURE  DISTRIBUTION 


Temperature 

Cycle 

LARSON-MILLER  PARAMETER  1 

1 _  _ 1 

M  -ll630d 
aP  (Test, 

M  -  135000 
ap  (Test) 

1 

ll»  120 

15000 

15220 

2 

14400 

15040 

15230 

3 

1U600 

15080 

15260 

k 

14670 

15130 

15270 

5 

14740 

— 

15280 

6 

14830 

— 

— 

FIGURE  7.7 

SUMMARY  -  LARSON-MILLER  PARAMETERS  FOR  COVER  PLATE  ELEMENTS  1  AND  11  OF 

THERMAL  CYCLING  SPECIMEN  NO.  B-12,  450°F.  SYMMETRICAL  TEMPERATURE  DISTRIBUTION 


M 

ap 

=  168,500  (Test) 

Temperature 

LARSON-MILLER 

Cycle 

PARAMETER 

i  1 

15030 

!  2 

15050 

3 

1 

15070 

5 

6 


15090 

15100 

15120 
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FIGURE  7.8 

SUMMARY  —  LARSON -MILLER  PARAMETERS  FOR  STRUCTURAL  ELEMENTS  OF  THERMAL  CYCLING 
SPECIMEN  NO.  B-10,  450°F.  ASYMMETRICAL  TEMPERATURE  DISTRIBUTION 
(MAXIMUM  TEMPERATURE  ON  TENSION  SIDE) 


element 

NO. 


LARSON-MILLER  PARAMETER 


15070 

13840 

13400 

12910 

11800* 


15130 

13920 

13475 

12975 


15170 

13950 

13500 

13000 

11800* 


11800 


11800 


FIGURE  7.9 

SUMMARY  —  LARSON-MILLER  PARAMETERS  FOR  STRUCTURAL  ELEMENTS  OF  THERMAL  CYCLING 
SPECIMEN  NO.  B-15,  1*50°F.  ASYMMETRICAL  TEMPERATURE  DISTRIBUTION 
(MAXIMUM  TEMPERATURE  ON  TENSION  SIDE) 


LARSON-MILLER  PARAMETER 


ELEMENT 

NO.  list  Cycle  I  2nd  Cycle  |  3rd  Cycle  [  4th  Cycle  |  5th  Cycle]  6th  Cycle  |  7th  Cycle 


15070 

13810 

13430 

12980 

11800* 


13530 

13080 

11800* 


11800* 


11800 


*  Minimum  value  shown  in  Figures  7.4  and  7.5. 
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7,2.3  MATERIAL  PROPERTY  CURVES 


For  the  analysis  portion  of  this  study,  the  strain  design  procedures 
of  Section  3»0  require  certain  material  property  values  to  define  the 
structural  element  stress-strain  curves  in  terms  of  the  Ramberg-Osgood 
equation.  These  values  are  the  yield  stress  at  Esec  *  0.7E  defined  by 
(Fy)o  7E*  the  modulus  of  elasticity  defined  by  E,  the  ultimate  stress 
cut-off  defined  by  Ftu  and  the  shape  factor  m.  Figure  7.12  shows 
^(Fty)o.7E  versus  temperature  and  *Ftu  versus  temperature  for  various 
values  of  the  Larson-Miller  Parameter  as  calculated  in  Section  7.2.2. 

These  curves  are  a  cross-plot  of  the  data  in  Figures  7#^  and  7*5* 

The  compression  yield  stress  is  assumed  equal  to  the  tension  yield  stress 
and  the  recovery  of  compression  properties  is  assumed  identical  to  the 
recovery  of  tensile  properties. 

Figure  7*13  shows  modulus  of  elasticity  versus  temperature  for  7075-T6 
aluminum  alloy  (bare  and  clad  sheet)  as  determined  by  the  tensile  coupon 
data  of  Section  7.1.  For  purposes  of  comparison,  the  curves  from  Reference 
(  d  )  are  also  plotted  in  Figure  7.13*  Note  that  generally  good  agree¬ 
ment  was  obtained  between  the  clad  coupon  data  and  Reference  (  d  ).  The 
bare  coupon  data  indicates  somewhat  lower  values  of  E  at  T  300°F.  than 
Reference  (  d  ).  For  purposes  of  analysis,  the  tensile  coupon  curves 
were  used  to  define  E  to  represent  the  straight  line  portion  of  the 
stress-strain  curve.  The  recovery  of  the  modulus  of  elasticity  is  un¬ 
affected  by  previous  temperature  exposure  histories,  and  the  exposure 
history  given  in  Figure  7.13  is  listed  as  a  reference  only. 


No  curves  are  shown  for  shape  factor  versus  temperature,  since  Refer¬ 
ence  (  d  )  and  the  tensile  coupon  data  indicate  considerable  variation 
and  randomness.  The  non-dimensional  stress-strain  curve  represented  by 
the  Ramberg-Osgood  equation  is  actually  quite  insensitive  to  the  higher 
values  of  m  (m  >  20)  such  as  those  shown  by  the  tensile  coupon  data. 
Therefore,  the  values  of  m  for  any  particular  structural  element  were 
estimated  from  the  table  in  Figure  7*2  for  the  thickness,  material,  and 
test  temperature  of  the  element.  This  is  sufficiently  accurate  for  an¬ 
alysis  since  only  small  deviations  occur  in  the  critical  yield  portion 
of  the  curve,  and  particularly  since  many  of  the  structural  elements  in 
the  test  specimens  used  a  compression  yield  stress  cut-off  rather  than 
an  ultimate  cut-off. 
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7*2,3  MATERIAL  PROPERTY  CURVES 

For  the  analysis  portion  of  this  study,  the  strain  design  procedures 
of  Section  3*0  require  certain  material  property  values  to  define  the 
structural  element  stress-strain  curves  in  terns  of  the  Ramberg-Osgood 
equation.  These  values  are  the  yield  stress  at  E3ec  *  0.7E  defined  by 
(Fy)o  7E*  the  modulus  of  elasticity  defined  by  E,  the  ultimate  stress 
cut-off  defined  by  Ftu  and  the  shape  factor  m.  Figure  7,12  shows 
^(Fty)o.7E  versus  temperature  and  $Ftu  versus  temperature  for  various 
values  of  the  Larson-Miller  Parameter  as  calculated  in  Section  7 #2. 2, 

These  curves  are  a  cross-plot  of  the  data  in  Figures  7*^  and  7*5* 

The  compression  yield  stress  is  assumed  equal  to  the  tension  yield  stress 
and  the  recovery  of  compression  properties  is  assumed  identical  to  the 
recovery  of  tensile  properties. 

Figure  7*13  shows  modulus  of  elasticity  versus  temperature  for  7075-T6 
aluminum  alloy  (bare  and  clad  sheet)  as  determined  by  the  tensile  coupon 
data  of  Section  7.1.  For  purposes  of  comparison,  the  curves  from  Reference 
(  d  )  are  also  plotted  in  Figure  7*13*  Note  that  generally  good  agree¬ 
ment  was  obtained  between  the  clad  coupon  data  and  Reference  (  d  ).  The 
bare  coupon  data  indicates  somewhat  lower  values  of  E  at  T  ^  300°F.  than 
Reference  (  d  ).  For  purposes  of  analysis,  the  tensile  coupon  curves 
were  used  to  define  E  to  represent  the  straight  line  portion  of  the 
stress-strain  curve.  The  recovery  of  the  modulus  of  elasticity  is  un¬ 
affected  by  previous  temperature  exposure  histories,  and  the  exposure 
history  given  in  Figure  7*13  is  listed  as  a  reference  only. 

No  curves  are  shown  for  shape  factor  versus  temperature,  since  Refer¬ 
ence  (  d  )  and  the  tensile  coupon  data  indicate  considerable  variation 
and  randomness.  The  non-dimensional  stress-strain  curve  represented  by 
the  Ramberg-Osgood  equation  is  actually  quite  insensitive  to  the  higher 
values  of  m  (m  >  20)  such  as  those  shown  by  the  tensile  coupon  data. 
Therefore,  the  values  of  m  for  any  particular  structural  element  were 
estimated  from  the  table  in  Figure  7*2  for  the  thickness,  material,  and 
test  temperature  of  the  element.  This  is  sufficiently  accurate  for  an¬ 
alysis  since  only  small  deviations  occur  in  the  critical  yield  portion 
of  the  curve,  and  particularly  since  many  of  the  structural  elements  in 
the  test  specimens  used  a  compression  yield  stress  cut-off  rather  than 
an  ultimate  cut-off. 
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figure  7.13 

MATERIAL  PROPERTIES  VARIATION  WITH  TEMPERATURE 
7075 -T6  ALUMINUM  ALLOY  (BARE  AND  clad) 


No  Recovery  Problem  Produced  by  Previous  Elevated  Temperature 
Exposure.  All  Tensile  Coupons  had  Previous  Temperature  Exposure 
History  of  2  hours  at  35°°T*  l/2  hr*  at  h50°F. 
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7,3  TABULATED  TEST  SPEC  PM  ELEMENT  DATA 

The  material  properties  summary  tables  for  each  test  specimen  are 
shown  In  the  following  figures.  The  bending,  short  column  (crippling), 
long  column,  and  thermal  cycling  specimens  are  shown  in  that  order. 

These  tables  essentially  summarize  the  material  property  data  required 
to  analytically  represent  the  element  stress-3train  curves  by  the  Raro- 
berg-Osgood  equation  (  3*3.6  )•  The  tables  indicate  considerable  varia¬ 
tion  in  material  properties  depending  upon  the  test  temperature  and  the 
temperature-time  exposure  histories. 

This  data  was  used  as  the  input  data  for  the  IBM  70?  digital  computer 
program  to  define  the  analytical  load-deformation  curves  of  Section  8.0. 
The  data  for  all  room  temperature  specimens  is  not  tabulated  in  this  sec¬ 
tion,  since  the  basic  room  temperature  properties  from  tensile  coupon 
data  were  used  for  all  room  temperature  structural  elements.  No  sig¬ 
nificant  temperature-time  exposure  history  was  required  for  curing  the 
high  elongation  strain  gage  bonding,  therefore,  no  permanent  loss  of 
room  temperature  material  properties  was  incurred. 


FIGURE  7.14 
BENDING  SPECIMEN  MATERIAL  PRO! 
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estimated  from  Figure  7.2 


FIGURE  7.14 
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FIGURE  7.14 

SPECIMEN  NO.  B-3  (450°  SYMMETRICAL  GRADIENT) 


*  Compression  a  estimated  from  Figure  7.2, 
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FIGURE  7.16 

LONG  COLUMN  SPECIMEN  MATERIAL  PROPERTIES  SUMMARY 
TABLE  1  -  SPECIMEN  NO.  C-3  (250°F. ,  SYMMETRICAL  GRADIENT) 
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FIGURE  7.I7 

IWG  SPECIMEN  MATERIAL  PROPERTIES  SUMMARY 

IMEil  NO.  B-l6  (450°F. ,  SYMMETRICAL  GRADIENT) 
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FIGURE  7.17 

THERMAL  CYCLING  SPECIMEN  MATERIAL  PROPERTIES  SUMMARY 
TABLE  3  -  SPECIMEN  NO.  B-12  (450°F.,  SYMMETRICAL  GRADIENT) 
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THERMAL  CYCLING  SPECIMEN  MATERIAL  PROPERTIES  SUMMARY, TABLE  4 
SPECIMEN  NO.  B-10  (U50°F.,  UNSYMMETRICAL  GRADIENT,  MAXIMUM 
TEMPERATURE  ON  TENSION  SIDE) 
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8*0  TEST -ANALYSIS  COMPARISON 

This  section  contains  the  evaluation  of  all  strain 
data,  unknown  end  restraint  conditions  and  the  comparison 
of  analytical  and  experimental  load-deformation  curves. 

Sec,  8,1  describes  the  analysis  of  the  strain  data  used  to 
define, as  nearly  as  possible,  the  critical  buckling  strains 
since  edge  restraint  conditions  are  somewhat  questionable 
and  an  over-conservative  assumption  would  only  unduly  com¬ 
plicate  the  comparison  between  the  test  and  calculated 
load-deformation  curves.  This  investigation  was  carried 
out  using  strain  data  from  room  temperature  bending  and 
short  column  (crippling)  specimens  only.  Section  8.2  is 
included  to  consider  end  restraint  conditions  as  a  separate 
item  due  to  variations  in  the  end  moment  restraints  en¬ 
countered  during  the  tests  of  the  long  column  and  short 
column  (crippling)  specimens. 

The  performance  of  short  column  tests  in  a  test 
machine  may  lead  to  unknown  end  moment  conditions  if 
unsymmetrical  temperature  gradients  are  present.  Section 
8.2.1  shows  another  possible  use  of  calculated  load- 
deformation  data  when  used  in  conjunction  with  static  test 
strain  data.  The  original  calculations  for  crippling 
specimen  A-6  were  performed  assuming  the  cross-section  to 
be  res trained -in-bending  at  or  near  the  ultimate  load. 
However,  this  is  not  the  correct  moment  restraint  condition 
and  the  actual  bending  moment  at  any  axial  load  level  is 
unknown.  Section  8.2.1  describes  the  complete  analytical- 
experimental  evaluation  of  the  problem  and  attempts  to 
define  the  bending  moment  variation  with  axial  load  from 
zero  to  failure. 

As  is  usually  the  case  with  long  column  test  specimens, 
the  ideal  pin-ended  condition  is  very  difficult  to  achieve 
in  a  test  machine  and  some  variation  is  to  be  expected. 

The  analyses  performed  in  Section  8.2.2  consider  each  of 
the  long  column  specimens  in  terms  of  the  test  buckling 
load  and  indicate  the  probable  end  fixity  value,  c,  for 
each  of  the  specimens  tested.  These  values  of  c  were  used 
in  the  analysis  to  obtain  a  comparative  load -deformat ion 
curve  for  Section  8.3.3.  The  variation  in  end  fixity 
between  test  specimens  did  not  allow  a  comparison  of  test 
and  analysis  applied  load  ratios  in  Section  9«0  as  for  the 
bending  and  short  column  specimens.  However,  additional 
calculations  were  performed  for  each  column  specimen  based 
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on  a  common  value  of  end  fixity  of  c  **  1.25  and  the  table 
of  long  column  applied  load  ratios  in  Section  9*0  is  calcu¬ 
lated.  on  this  basis.  This  allows  some  evaluation  to  be 
made  considering  only  the  variables  associated  with  the 
temperature. 

Section  8,3,  in  conjunction  with  Section  9*0,  sum¬ 
marizes  the  results  for  the  primary  objective  of  this  study. 
For  proper  simulation  of  the  elevated  temperature  static 
test  the  complete  load-deformation  curve  is  important  as 
well  as  the  ultimate  failing  load.  This  is  particularly 
true  for  the  load-deformation  curve  with  all  load  and 
temperature  removed  since  this  curve  defines  the  permanent 
set  characteristics  of  the  structure  and  hence  the  allowable 
yield  load.  The  experimental  and  analytical  curves  shown 
are  based  on  the  strain  data  of  Appendix  A  and  the  pro¬ 
cedures  of  Section  3.0,  respectively*  Most  of  the  load- 
deformation  curves  shown  are  plotted  for  the  temperature¬ 
load  sequence  +T,  +P  since  this  is  compatible  with  the 
test  conditions.  Some  calculated  curves  are  shown  in 
Section  8.3*1  to  illustrate  the  use  of  the  curves  for  the 
+T,  +P,  -P,  -T  sequence  to  define  an  applied  load  ratio 
at  the  0.002  in. /in.  offset  yield  or  any  other  permanent 
set  criteria.  In  addition,  these  comparative  curves  tend 
to  establish  the  validity  of  the  analytical  procedures  of 
Section  3.0. 

Detailed  explanations  of  the  bending,  short  column 
(crippling),  long  column,  and  thermal  cycling  specimens 
are  given  in  Sections  8.3.I,  8.3.2,  8.3.3,  and  8.3.4, 
respectively. 
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8.1  BUCKLING 

Since  edge  restraint  conditions  on  the  compression  cover 
have  a  considerable  effect  on  the  local  buckling  strain,  the 
buckling  coefficients  were  defined  for  the  various  test  speci¬ 
mens  using  strain  gage  data  from  the  room  temperature  bending 
and  crippling  specimens*  The  data  is  shown  in  Fig*  8*1 
for  the  bending  specimens  and  in  Fig*  8,2  for  the  crippling 
specimens*  The  critical  buckling  strain  is  shown  and  has  been 
defined  as  the  average  strain  at  the  last  recorded  increment 
prior  to  a  marked  deviation  from  the  initial  elastic  slope* 

This  point  denotes  the  strain  at  which  the  effective  area  of 
the  compression  cover  begins  to  reduce*  The  value  of  ob¬ 
tained  in  this  manner  is  used  in  Eq*  (3.5.4)  to  define  the 
effective  area  coefficient  Cn  for  the  compression  covers*  For 
digital  computer  calculations,  the  buckling  coefficients  are 
defined  in  the  following  sections  for  use  in  Eq*  (3.5.1).  This 
data  was  used  in  the  analytical  determination  of  the  load-de¬ 
formation  curves  for  compatibility  between  test  and  analysis 
and  to  eliminate,  insofar  as  possible,  an  unnecessary  variable 
from  the  comparison  of  load-deformation  curves*  Although  the 
buckling  strains  and  the  associated  buckling  coefficients  were 
determined  by  using  data  from  room  temperature  specimens,  the 
same  buckling  coefficients  were  used  for  calculating  the  load- 
deformation  curves  of  the  elevated  temperature  specimens  assuming' 
that  the  compression  cover  edge  restraint  conditions  did  not  vary 
appreciably  from  those  at  room  temperature* 

8*1*1  BENDING  SPECIMEN  BUCKLING  COEFFICIENT 

From  specimen  No*  B-l  data  in  Fig*  8.1  i  the  critical 
buckling  strain  is  ecr  ~  -0.00283  invin.  With  b  =  5  in*  and 
t  =  0.125  in.  the  buckling  coefficient  is 
(b\2  1  1_\2 

K  -“©cr^t  J  «  0.00283 \0.125 j  =  4.525 

From  specimen  No*  B-l 7  data  in  Fig*  8*1  ,  the  critical 
buckling  strain  is  ecr  =  -  0*00258  in./in*  With  b  =  5  in*  and 
t  =  0*125  in*  the  buckling  coefficient  is 

(b\2  / JlV 

K  =  -ecr  \t  /  =  0.00258  \0.12^  =  4.125 

The  average  buckling  coefficient  for  the  two  room  tempera¬ 
ture  specimen  compression  covers  is  K  =  4.325*  This  value  was 
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used  to  define  the  critical  buckling  strain  and  effective  area 
coefficient  for  the  compression  covers  of  all  bending  specimens* 
The  calculated  load-deformation  curves  of  Section  8*2  reflect  a 
degree  of  buckling  at  each  load  level  which  is  consistent  with 
K  =  4*325.  From  Figure  14.25  of  Ref.  (i)  this  value  indicates 
edge  conditions  between  simply  supported  and  clamped  for  a  panel 
aspect  ratio  a/b  c  3  (5  inches  by  15  inches). 

8*1*2  CRIPPLING  SPECIMEN  BUCKLING  COEFFICIENT 

For  the  room  temperature  specimens  subjected  to  compression 
loads,  strain  data  from  both  0.125  inch  covers  was  used  to 
evaluate  the  buckling  coefficient.  For  specimen  No*  A-l  in 
Figure  8.2,  two  values  of  the  critical  buckling  strain  are 
shown  as  defined  by  each  pair  of  strain  gages.  From  the  curve, 
the  critical  buckling  strains  are  ecr  =  -0.00254  in. /in*  and 
ecr  =  -O.OO356  in. /in.  for  which  the  buckling  coefficients  are 
K  =  4.07  and  K  «  5*70,  respectively.  The  average  buckling  co¬ 
efficient  for  the  two  covers  of  specimen  No.  A-l  is  K  n  4.885* 

The  strain  data  for  specimen  No.  A-2  in  Figure  8.2  is  shown 
for  a  single  pair  of  strain  gages  only  (  2  and  7  )•  These  two 
gages  form  the  total  width  of  the  band  with  gages  5  and  8  between 
2  and  7«  In  addition,  gages  5  and  8  become  non-linear  at  the 
same  strain  as  2  and  ^  ,  therefore  defining  a  single  value  of  the 
critical  buckling  strain  for  both  cover  plates  of  specimen  A-2. 
From  the  curve  in  Figure  8.2  ecr  «  -O.OO307  in. /in.  and  the 
associated  buckling  coefficient  is  K  =  4.915*  The  average 
buckling  coefficient  for  both  specimens  is  K  =  4.90  which  is 
quite  close  to  the  average  value  of  K  =  4.985  between  simply 
supported  (K  »  3.62)  and  clamped  (K  =  6*35).  For  analytical 
definition  of  the  load-deformation  curves  in  Section  8.2,  the 
buckling  coefficient  for  the  0.125  in.  covers  was  taken  as 
K  «  4.985. 

8.1.3  LONG  column  buckling  coefficient 

Since  no  local  buckling  of  the  0.125  in.  cover  plates 
occurs  prior  to  reaching  the  column  buckling  or  Euler  load,  the 
local,  buckling  problem  is  present  only  in  the  post-buckling 
stage  when  relatively  high  induced  bending  moments  are  present 
and  the  axial  load  on  the  column  is  somewhat  less  than  the  ; 
critical  buckling  load.  With  bending  of  primary  importance\when 
local  buckling  does  occur,  the  local  buckling  coefficient  ofj\ 
the  0.125  in.  cover  plates  was  taken  as  K  »  4.325*  This  prefumes 
that  the  edge  restraint  conditions  for  the  beam-column  (post^t 
buckling)  are  identical  to  those  of  the  bending  specimens  andlis 
probably  fairly  realistic  since  local  buckling  in  both  types  drc 
specimens  is  produced  by  the  same  mode  of  loading;  i.e.,  bending 
moment  rather  than  a  direct  axial  load.  \[ 
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8.1.4  THERMAL  CYCLING  SPECIMEN  BUCKLING  COEFFICIENT 

The  thermal  cycling  specimen  test  methods, 
test  jigs,  support  points  and  restraints  were 
identical  to  those  used  for  the  static  bending 
specimens  and,  in  the  absence  of  measured  strain 
data  to  evaluate  the  critical  buckling  strain,  the 
buckling  coefficients  were  assumed  to  be  identical 
to  those  for  the  bending  specimens.  Sec.  8.1.1 
shows  an  average  K  for  calculation  purposes  of 
4.325.  This  value  was  used  to  define  the  critical 
buckling  strain  and  effective  area  coefficient  for 
the  compression  covers  of  all  thermal  cycling 
specimens. 


Bending  Moment,  in*  -  lbs.  x  10~3  Bending  Moment,  in.  -  lbs.  x  10' 


north  American  aviation,  inc. 

coLUMau*  division 
COLUMBUt  Jg.  QW|Q 


MA62H-973 


FIGURE  6.1 


EXPERIMENTAL  DETERMIBAf  JOE  Of 
BUOKLINO  OOEFFJOBJr 
(Banding  Spaoiaene) 


rOEM  H-ID  C.I 


NORTH  AMERICAN  AVIATION.  jNC. 

COLUMBUS  DIVISION 
COLUMBUS  16,  OHIO 


HA62H-973 
Page  119 


ft,  2  END  RESTRAINT  CONDITIONS 

8,2,1  CRIPPLING  SPECIMENS 

For  consistent  test  conditions  on  all  crippling  specimens, 
both  room  temperature  and  elevated  temperature,  no  adapters 
or  end  fittings  were  used  on  the  elevated  temperature  speci¬ 
mens  vrith  un symmetrical  temperature  gradients  present.  The 
testing  procedures  for  crippling  specimens  A-l  through  A-6 
are  described  in  Section  5*0  ,  For  specimens  A-l  and 

A-2  at  room  temperature  and  specimens  A-3  and  A-4  with  sym¬ 
metrical  temperature  gradients,  the  flat  and  parallel  end 
conditions  necessary  for  testing  in  the  Bald win- Southwark 
testing  machine  were  essentially  maintained.  However,  speci¬ 
mens  A-5  and  A-6  with  un symmetrical  temperature  gradients 
were  initially  bowod  by  the  temperature  which  rotated  the 
plane  of  the  cross-section  and  did  not  provide  the  flat  and 
parallel  surfaces  necessary  for  a  uniform  applied  strain  dis¬ 
tribution,  Consequently,  in  both  cases  the  expanded  hot  cover 
plate  was  loaded  in  compression  before  other  elements  in  the 
cross-section.  This  indicates  the  presence  of  bending  moments 
on  the  cross-section  during  the  load  application  step.  If 
this  bending  moment  were  supplied  by  a  couple  load,  then  this 
applied  bending  moment  would  have  a  maximum  value  of  Mp»  when 
the  couple  had  rotated  the  cross-section  to  its  original  un¬ 
heated  position.  If  the  temperature  gradient  is  very  steep, 
then  the  rotational  moment  strain  denoted  by  Kp  may  be  pro¬ 
duced  by  two  moments;  i*e.,  one  an  elastic  applied  bending 
moment  where  Map<Mp,  and  an  inelastic  moment,  NL,  where 
Map  +  Mp  -  Mp,  *This  latter  case  can  arise  if  the  rotational 
restraint  strains  are  sufficiently  large  to  produce  buckling 
and/or  inelastic  stress- strain  relationships.  The  above  con¬ 
ditions  aro  met  only  under  true  restrained-in-bending 
conditions  where  the  rotational  restraint  is  provided  by  a 
pure  moment. 


In  the  test  machine,  however,  the  bending  moment  on  the 
cross-section  is  produced  by  an  eccentric  load  which  produces 
a  variable  moment  throughout  the  load  range  from  zero  to 
failure.  The  bending  moment  introduced  in  this  manner  can 
reach  a  value  considerably  higher  than  the  elastic  thermal 
moment  at  some  time  during  the  load  application.  The  value 
of  this  bending  moment  and  the  variation  of  the  moment  depend 
upon  a  number  of  factors.  Among  these  are  the  cross-section 
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geometry  of  the  test  specimen,  the  temperature  distribution 
through  the  cross-section,  material  properties  variation 
through  the  cross-section,  buckling,  and  inelastic  stress- 
strain  relationships.  These  factors  establish  the  degree 
of  eccentricity  during  load  application  by  affecting  the 
point  of  load  application  and  shift  of  the  elastic  neutral 
axis* 

For  purposes  of  calculating  the  load-deformation  character¬ 
istics  of  specimens  A-5  and  A-6  for  &  temperature-load  sequence 
of  +T,  +P,  it  was  questionable  whether  the  true  restrained-in- 
bending  case  could  be  assumed  at  the  +T  step.  This  presumes 
that  at  any  applied  load  level  the  total  rotational  strain  is 
equal  to  the  thermal  moment  rotational  strain  defined  by 
whether  elastic  or  inelastic.  This  assumption  was  made  in 
the  calculations  for  specimen  A-5  which  had  a  temperature 
differential  of  approximately  100°F.  between  the  two  cover 
plates.  Evaluation  of  the  test  data  and  comparison  of  calcu¬ 
lated  and  experimental  load-deformation  curves  for  specimen 
A-5  (Fig.  8.20,  page  15£  )  showed  the  assumption  to  be 

reasonable  ir:  this  particular  case,  even  if  not  entirely 
correct  throughout  the  load  range.  However,  applying  the  same 
assumption  to  specimen  A-6  which  had  a  temperature  differen¬ 
tial  of  approximately  225°F.  between  the  two  cover  plates 
over-predicted  the  peak,  or  failing,  load  by  a  considerable 
margin.  A  comparison  of  calculated  and  experimental  strain 
data  indicated  the  presence  of  considerably  higher  bending 
moments  than  would  be  present  in  the  true  restrained-in¬ 
bending  case. 

To  investigate  this  problem  further,  the  test  strain 
data  obtained  from  extensometer s  was  used  in  conjunction  with 
the  digital  computer  methods  of  Section  3.0  to  determine  the 
bending  moment  variation  during  load  application.  The  end 
restraint  conditions  were  changed  from  re strained-in- bending 
to  unrestrained  at  the  temperature  application  step  (tT)  of 
the  temperature-load  sequence  in  the  calculations.  At  the 
load  application  step  (+P)  of  the  temperature -load  sequenoe 
the  calculations  were  performed  using  a  series  of  applied  axial 
loads  and  bending  moments  to  obtain  element  strain  data  and 
interaction  load-deformation  curves  for  various  combinations 
of  axial  load  and  bending  moment.  To  ensure  compatibility 
throughout,  considering  the  sensitivity  of  strain  measurements 
at  the  higher  loads,  the  measured  strain  data  was  compared  with 
the  calculated  interaction  strain  data  by  two  different  criteria. 
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Assuming  the  extensometer  data  from  Figure  A, 3 •1^  to  be 
compatible  as  to  strain  differential  between  the  extreme 
fiber  elements  (0,125  inch  cover  plates,  elements  1  and  11, 
page  3 6  )  the  cross-section  slope,  or  rotational  restraint, 

is  shown  in  Figure  8.3  and  is  defined  by 

de/dh  =  e5  ~  e2 
*1**11 

where  ej  and  e£  are  the  strains  from  Appendix  A  for  extenso¬ 
meter  no's.  5  and  2,  respectively,  Fxtensometer  Ho.  4  was 
not  used  in  the  evaluation  due  to  erratic  behavior  in  the  low 
load  regions  and  incompatibility  with  the  remaining  three  ex- 
tensometers.  As  shown  in  Appendix  A  ,  the  data  from  extensometer 
3  was  very  nearly  identical  to  that  of 'extensometer  2  so  that 
the  data  from  either  could  have  been  used.  From  the  calculated 
interaction  data,  a  family  of  load-rotational  restraint  curves 
is  plotted  in  Figure  8.3  with  bending  moment  as  parameter# 

The  intersections  of  these  curves  with  the  experimental  curve 
define  the  bending  moments  present  on  the  cross-section  at 
each  applied  load  to  failure.  Note  that  each  calculated  curve 
intersects  the  experimental  curve  at  two  points  indicating 
that  as  the  applied  axial  load  is  increased,  the  bending  moment 
reaches  a  peak  value  and  then  begins  to  diminish  as  the  axial 
load  approaches  ultimate.  For  the  calculated  curves  in  Figure 
8.3  the  rotational  restraint  is  defined  by 


de/dh  = 


apx 


2* 

i  px3 


which  includes  both  elastic  and  inelastic  effects.  The  bead¬ 
ing  moment  versus  axial  load  curvefl) shown  in  Figure  8.5  is 
a  plot  of  the  intersections  of  the  calculated  and  experimental 
curves  and  indicates  a  bending  moment  at  the  test  failing  l|>ad 
of  approximately  -32000  in.  -  lbs.  It  should  al30  be  note f 
that  the  peak  bending  moment  is  considerably  above  the  ela&fcic 
thermal  moment  of  -69500  in.  -  lbs.  whereas  the  bending  montant 
at  failure  was  considerably  below  the  elastic  thermal  moment. 
In  certain  types  of  compression  specimens,  the  bending  moment 
may  diminish  to  zero  at  the  failing  load;  i*e.,  no  column  | 
action  or  local  buckling,  and  very  ductile  materials.  :  )} 

:1  s 
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The  bending  moment  variation  during  load  application 
was  also  determined  by  comparing  the  strain  data  from  ex- 
tensometer  5  to  the  critical  element  strains  from  the 
calculated  data  where  the  calculated  strains  are  defined  by 


= +?,pj + 


IL_^ 

aPx 


a 


with  element  1  being  the  critical  compression  element#  The 
experimental  critical  element  strain  data  from  extensometer 
5  data  (Appendix  A  )  is  shown  in  Figure  8.4  where  the 
calculated  interaction  data  with  bending  moment  as  parameter 
is  also  plotted  in  the  form  of  a  load-strain  curve.  Actually 
this  data  is  identical  to  that  shown  in  Figure  8*3  except 
for  the  change  in  the  scale  on  the  abscissa*  The  two  proce¬ 
dures  shown  differ  only  in  the  specific  use  made  of  the 
experimental  strain  data*  From  the  curves  of  Figure  8*5* 
the  peak  bending  moments  occur  at  very  nearly  the  same  axial 
load  and  differ  in  magnitude  by  only  about 

The  difficulties  encountered  during  this  test  and  the 
subsequent  evaluation  of  the  problems  emphasizes  a  primary 
problem  of  testing  crippling  specimens  in  a  test  machine  or 
similar  te3t  fixture#  In  the  elevated  temperature  case  with 
an  unsymmatrical  temperature  gradient  through  the  cross- 
section,  the  test  results  could  be  considerably  in  error 
(approximately  30%  in  this  case)  toward  the  conservative  side 
if  the  proper  end  restraint  conditions  are  not  duplicated. 

The  eccentric  load  condition  produced  during  the  testing  of 
specimen  A-6  was  not  representative  of  an  aircraft  structure 
end  restraint  condition  since  the  continuous  type  aircraft 


structure  introduces  a  moment  restraint  which  is  adequately^ 
represented  by  the  less  critical  restrained-in-bending  case.\ 


& 


represented  by 

Due  to  the  difficulty  of  duplicating  end  restraint  conditions), 
in  performing  certain  types  of  elevated  temperature  tests, 
it  may  well  be  that  the  room  temperature  tests  and  the  com¬ 
parative  load-deformation  approach  may  actually  be  more 
reliable  in  many  cases  than  the  elevated  temperature  test 
itself.  In  any  case,  the  importance  and  the  critical  nature 
of  the  end  restraint  conditions  cannot  be  over-empha3ized 
particularly  for  very  short  columns  where  non-uniform  tem¬ 
perature  distributions  are  present  and  local  instability 
(crippling)  failures  are  involved# 


•V 


\ 


N 


N 


\ 


f 


Specimen  A-6  Failing  Load 
(P=  -134,000  lbs.) 
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Figure  8.5 

Bending  Moment  Variation  With  Applied  Axial  Load 
Crippling  Specimen  A-6 

Plotted  from  Figures  8.3  and  8.4  using  intersections  of 
strain  gage  data  curve  and  calculated  interaction  data. 


@  Plotted  from  slope  data  of  Figure  8.3 

(2)  Plotted  from  critical  element  strain  data 
(Extensometer  5  of  Figure  A. 3.14) 
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8.2.2  LONG  COLUMN  SPECIMENS 


Although  spherical  ball  and  socket  type  fittings  were 
used  on  all  test  specimens  to  obtain  end  fixity  conditions 
as  close  as  practicable  to  pin-ended  (c  =  1*0)  the  buckling 
loads  of  the  two  room  temperature  specimens  indicated  either 
greater  bending  stiffness  than  originally  calculated  or  end 
fixity  greater  than  c  =  1.0.  The  critical  long  column 
(Euler)  buckling  loads  from  the  room  temperature  tests  were 

Per  =  -26,700  lbs*  (Specimen  No.  C-l) 

Per  =  -24,600  lbs.  (Specimen  No.  G-2) 

as  compared  with  a  preliminary  calculated  value  of 

P^*  =  -21,250  lbs.  (based  on  E  =  10.3  x  10^,  element 
areas  based  on  nominal  thickness,  and  c  =  1.0) 

From  preliminary  digital  computer  calculations 

2AnEn  =  18.857  x  106  and  =  11.175  x  106 

Since  specimen  C-l  indicated  a  buckling  load  somewhat  higher 
than  the  calculated  value,  specimen  C-2  was  supported  as  a 
simple  beam  and  50  lb.  increments  of  load  were  applied  at  the 
center  with  deflection  readings  taken  at  each  load  increment 
to  determine  the  actual  bending  stiffness  (EIX).  This  data 
is  plotted  in  Figure  8.6  and  shows  the  curve  as  corrected 
for  support  deflection.  From  Figure  -8.6  the  maximum  de¬ 
flection  at  the  center  is  0.229  inch  for  a  load  of  500 

lb3*  From  the  deflection  equation  for  a  simple  beam 


EI  =  =  m.,(61-gp)3.  =  10.79x10* 

x  48  %  48(0.229) 


which  is  approximately  3*5#  below  the  calculated  value  of 
11.175  x  10°.  From  the  column  test  of  specimen  C-2  and  the 
above  value  of  El^  for  specimen  C-2,  the  Euler  equation 
Per  =  172  is  solved  for  the  effective  length. 


■t 


(3.14)^(10.79  X  106J 

24600 


=  65.75  inches 


H-ie-c-r 
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If  the  end  fixity  conditions  are  assumed  identical  for  speci¬ 
mens  C-l  and  C-2,  the  buckling  load  of  specimen  C-l  is 
substituted  in  the  Euler  equation  to  solve  for  the  bending 
stiffness  of  C-l* 


EIx  =  £ci£;  =  26700(65*75)^ 

rr2  OTU)2  *  11.71  x  106 

which  is  approximately  4*5$  above  the  calculated  value  of 
11*175  x  10°.  Essentially,  the  variations  may  be  attributed 
to  soma  variation  in  depth  between  the  two  specimens  in  addi¬ 
tion  to  tensile  coupons  showing  slightly  lower  E  values  than 
10.3  x  106. 

Since  the  strain  gages  and  extensometors  on  specimen  C-l 
showed  good  agreement  and  the  extensoraeters  on  C-l  agreed  well 
with  those  on  specimen  C-2,  this  data  was  used  to  determine  the 
value  ofJ^AnEn  experimentally.  Using  the  average  elastic  slope 
of  strain  gages  and  extensometers  from  specimen  C-l, 

2Ye_  =lJL  =  -20.000  =  18.02  x  106 
•  -0.00111 

where  e  =  -0.00111  in. /in.  is  from  Figure  8.24  •  Using  the 

average  elastic  slope  of  the  extensometers  from  specimen  C-2* 

Zp  s2Sa2QSL  -  a 

AnEn  =  “T“  ~  -0.0011075  -  18*05  x  106 

where  e  =  -0.0011075  is  from  Figure  8.24  •  These  viilues  are 

approximately  4*5^  below  the  original  calculated  value  of 
18.857  x  106  which  was  based  on  an  elastic  E  of  lO.Vx  10°. 
Subsequent  tensile  coupon  data  showed  E  =  9*675  x  10°  psi  for 
the  0.125  inch  7075-T6  aluminum  alloy  (clad)  cover  plates  and 
10.02  x  106  psi  for  the  0.125  inch  7075-*T6  aluminum  alloy 
(bare)  channels. 

With  the  experimental  values  of  and  2^nEn  from  speci¬ 
men  C-2f  the  radius  of  gyration  is 

/°  =f10*79/18.05  =  0.773  inch 

which  is  almost  exactly  that  used  in  the  original  calculations 
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(0.770  inch)  which  establishes  the  higher  buckling  loads  to 
be  primarily  a  function  of  effective  length  (end  fixity). 

Using  the  effective  length  of  t  =  65.75  inches  determined 
for  specimen  C-2,  the  critical  column  buckling  strain  is 

2  2 

ecr  =  jr-^“  =  liidLlO&ZZlll  =  0.001363  in*/in. 

L  (65.75)2 

Using  the  tensile  coupon  values  of  E,  the  final  cor¬ 
rected  values  of  EIX  and  are  EIx  ®  10*54  x  10°  which 

is  2*3%  below  the  experimental  value  of  10.79  x  10^  from 
specimen  C-2,  and]TAnEn  =  17.907  x  10°  which  is  0.8^  below 
the  experimental  value  of  18.05  x  10^  from  specimen  C-2. 

Assuming  (EIx)c_i  =  (Elx)c_2  since values  and 
measured  depths  of  the  two  cross-sections  are  very  nearly 
identical,  it  is  presumed  that  some  difference  in  end  fixity 
exists  between  the  two  room  temperature  specimens.  The  ef¬ 
fective  length  of  specimen  C-2  has  been  previously  calculated 
as  Ly  =65.75  inches.  The  effective  length  of  specimen  C-l  is 


f  =  <  7,2  EIx  =  \  (3.14)^(10.79  x  106)  =  63.2  inches. 
V  Per  V  26700 


Column  end  fixity  for  the  two  specimens  is  defined  by 

L  =  where 
Vo" 

2 

c  ^  72  ^2  =  1.3  (Specimen  C-l) 


=  =  1.2  (Specimen  C-2) 


The  average  end  fixity  is  c  =  1.25  and  this  value  is  used  in 
the  room  temperature  analytical  procedures  for  computability 
in  defining  the  room  temperature  reference  curves.  With 


h'  =  =  — Z£  =  64.3  inches 

yr^5 


H-li-O-l 


lbs 
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the  critical  buckling  strain  is 


2  2  ?  o 

=  JI.ZL  =  (3.14)  (0.767)2  =  0.001402  in./ln. 

OTF  “ZIsP - 

where  this  value  is  used  in  the  analytical  procedures. 


Deflection,  Wm,  inches 
FIGURE  8.6 

COLUMN  SPECIMEN  -  SIMPLE  BEAM  DEFLECTION  DATA 
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The  elevated  temperature  long  columns  showed  considerable 
variation  in  end  fixity  according  to  the  critical  buckling  loads 
attained  during  the  tests.  Specimen  C-3  with  a  250°P.  symmetrical 
temperature  gradient  indicated  the  highest  value  of  end  fixity 
with  c  *  1,643  end  a  critical  buckling  strain  of  ecr  »  -0*001838 
in. /in.  Specimen  C-5  with  a  450 °F,  symmetrical  temperature  gradient 
compared  favorably  with  the  room  temperature  specimens  with  c  * 

1,307  and  ecr  =  -0.001463  in. /in.  as  opposed  to  c  *  1.25  and 
ecr  =  -0.001402  in. /in.  as  an  average  for  the  two  room  temperature 
specimens.  This  data  tends  to  indicate  that  the  buckling  strain, 
ecr>  of  long,  stable  columns  is  relatively  unaffected  by  symmetrical 
temperature  gradients  if  the  combined  thermal  and  applied  strains 
are  not  sufficient  to  produce  local  buckling  prior  to  the  Euler 
buckling  of  the  column.  The  significant  effects  of  these  symmet¬ 
rical  temperature  gradients  would  be  restricted  to  the  post- 
buckling  portion  of  the  column  load -deformation  curve  where  inelastic 
effects  are  more  pronounced. 

The  test  buckling  loads  of  specimens  C-4  and  C-6  with  unsym- 
metrical  temperature  gradients  indicated  that  the  initial  tempera¬ 
ture  bowing  and  the  associated  induced  bending  moments  may  have 
been  large  enough  to  overcome  any  small  end  restraint  moments.  The 
peak  test  loads  for  C-4  and  C-6  were  both  somewhat  below  that 
predicted  by  the  simple  Euler  equation 


as  would  be  expected  due  to  the  initial  eccentricity  produced  by 
the  temperature  bowing.  For  these  two  specimens  the  end  fixity  was 
considered  to  bp  r  =  ] ,0  (pin  end)  and  the  associated  critical 
buckling  strain  is  ecr  =  -0.001135  in. /in. 

The  following  table  summarizes  the  results  of  the  end  fixity 
evaluation  for  both  room  temperature  and  elevated  temperature  long 
column  specimens. 


FIGURE  8.7 

SUMMARY  TABLE,  LONG  COLUMN  END  FIXITY 
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Calculated  Critical* 

Buckling  Strain,  ecr,  in^/in. 
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8.3  LOAD -DEFORMATION  CURVE  COMPARISON 

This  section  describes  the  load-deformation 
curves  as  calculated  by  the  methods  of  Sec.  3.0  end 
obtained  experimentally  during  the  test  phase  of  the 
program.  Comparisons  and  deviations  are  discussed  in 
addition  to  presenting  both  the  calculated  and  experi¬ 
mental  curves.  The  experimental  curves  vere  obtained 
from  the  strain  data  of  Appendix  A  where  the  specific 
use  of  the  strain  data  is  explained  in  Sections  8.3*1* 
8*3.2,  8.3.3,  and  8.3.4.  For  test  load -deformation 
data  three  different  strain  measurement  systems  were 
used  depending  upon  the  type  of  specimen.  See  Sec. 

5*0  for  details  of  the  strain  measuring  systems.  For 
the  bending  and  short  column  (crippling)  specimens  the 
extensometer  and/or  strain  gage  data  for  the  critical 
element  was  used  to  define  the  experimental  curve. 

For  the  long  columns  the  overall  foreshortening  was 
used  which  was  measured  between  the  loading  heads  of 
the  test  machine.  Similar  data  was  also  taken  for  the 
short  column  specimens  and  is  shown  in  addition  to  the 
extensometer  data  for  the  short  column  specimens. 
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8.3.1  SYMMETRICAL  BENDING  MOMENT-DEFORMATION  CURVES 

The  curves  In  this  section  represent  the 
analytical-experimental  comparison  necessary  to 
establish  the  validity  of  the  procedures  for  defining 
applied  load  ratios  for  purposes  of  simulation. 

Room  temperature  reference  curves,  both  analytical 
and  experimental,  are  shown  in  Fig.  8.8.  These 
curves  are  used  as  the  reference  basis  for  comparison 
with  the  curves  at  elevated  temperature.  Two  room 
temperature  specimens  were  tested  to  ensure  compati¬ 
bility  and  the  curves  were  plotted  for  the  critical 
compression  element  using  strain  gage  and  extensometer 
data.  These  specimens  (B-l  and  B-17)  were  also  used 
to  investigate  the  local  buckling  problem  as  described 
in  Sec.  8.1.1.  The  value  of  the  buckling  coefficient, 

K,  derived  from  that  investigation  was  used  for  all 
room  temperature  and  elevated  temperature  compression 
cover  plates  in  the  theoretical  analysis.  For  calcu¬ 
lation  purposes,  the  room  temperature  material  properties 
were  taken  directly  from  the  table  in  Fig.  7*2  which 
summarizes  the  results  of  the  tension  coupon  tests. 

Both  the  experimental  and  analytical  curves  shown  in 
Fig.  8.8  represent  the  deformation  of  the  cross-section 
with  the  load  applied.  These  curves,  then,  do  not 
necessarily  reflect  the  permanent  set  of  the  structure 
since  non-linear  elastic  effects  (elastic  buckling) 
effect  the  shape  of  the  curve.  Generally#  the  agree¬ 
ment  is  considered  favorable  between  test  and  analysis. 
The  use  of  MIL-HDBK-5,  Ref.  (  d  ),  material  properties 
would  show  about  k  or  5  percent  conservative  comparison 
between  the  analytical  and  experimental  curve. 

Although  the  curves  in  this  section  could  be 
plotted  with  Fapm  as  ordinate,  the  bending  moment  on 

the  cross-section  is  used  since  the  external  applied 
loads  and/or  moments  are  of  particular  interest  for 
purposes  of  static  test.  The  bending  moment  in  terms 
of  the  elastic  rotational  strain  is 

*apx  (SI*) 
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from  Eq.  (3.1,5)  for  symmetrical  bending.  The 
critical  element  strain  for  element  m  is  defined  by 
Eq.  (4.0.2)  as  em  «  Papm/Em  +  eP8ni  vhere  the  term8 
for  the  symmetrical  bending  case  are 


Fig.  8.9  shows  the  effects  of  a  250°F.  symmetrical 
temperature  gradient  (cover  plates  hot,  center  of  spar 
webs  cool).  These  curves  represent  the  temperature¬ 
load  sequence  +T,  +P  and  do  not  reflect  the  permanent 
set  of  the  structure,  but  only  the  deformation  with 
temperature  and  load  applied.  It  should  be  noted  for 
this  curve  and  all  bending  specimen  curves  at  elevated 
temperature  that  the  large  reduction  from  room  tempera¬ 
ture  values  is  not  due  primarily  to  the  effects  of  the 
test  temperature  and  temperature  distribution.  The 
strain  gage  curing  temperature  exposure  history  of 
approximately  2  hours  at  350°F.  and  l/2  hour  at  450°F. 
produced  severe  permanent  losses  of  material  properties 
in  the  7075-T6  material.  The  actual  temperature 
exposure  history  is  shown  in  Fig.  6.6,  This  effect  is 
primarily  responsible  for  the  large  reduction  in 
strength  from  that  at  room  temperature  and  is  shown 
by  both  the  analytical  and  experimental  curves  of  Fig. 
8.9.  To  illustrate  the  probable  magnitude  of  the  effect 
on  the  elevated  temperature  curve  the  calculations 
were  also  performed  assuming  that  no  prior  temperature 
exposure  was  present.  The  results  are  shown  as  the 
Calculated  Reference  Curve  in  Fig.  8.9.  This  emphasizes 
the  importance  of  the  material  properties  problem, 
particularly  in  aluminum  alloy.  Fig.  8.9  is  also  used 
to  illustrate  the  effect  of  using  MIL-HDBK-5,  Ref. 

(  d  ),  material  properties  as  ppposed  to  using  the 
higher  yield  stress  values  obtained  from  tensile  coupon 
data.  This  curve  allows  for  the  previous  temperature 
exposure  history,  but  used  Fy  *  67OOO  psi,  Ref.  (  d  ), 
instead  of  Fy  =  77750  psi  end  Fy  »  72675  psi  for  the 
basic  room  temperature  yield  stress.  The  comparison 
between  test  and  analysis  is  considered  favorable, 
especially  considering  the  variations  present  when  large 
reductions  of  material  properties  are  involved. 
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Figs.  8.10 and  8.11  show  the  test-analysis  compari¬ 
son  curves  for  250°F.  unsymmetrical  temperature  gradients 
(tension  or  compression  cover  plate  hot,  opposite 
cover  plate  cool).  These  curves  are  also  plotted  for 
the  temperature -load  sequence  +T,  +P  and  do  not  reflect 
permanent  set  of  the  structure.  The  strain  gage  curing 
temperature  exposure  history  was  included  and  good 
agreement  was  obtained  between  test  and  analysis  for 
the  failing  loads.  This  indicates  compatibility 
between  test  and  analysis  material  properties  (Fy). 
However,  the  marked  deviation  in  the  shape  of  the  two 
curves  indicates  some  variation  in  modulus  of  elasticity 
and  earlier  buckling  than  predicted  using  K  a  4.325* 

No  buckling  strain  data  was  available;  therefore,  the 
calculated  curves  are  shown  for  K  =  4.325  for  purposes 
of  comparison. 

The  comparison  curves  for  the  450°F.  symmetrical 
temperature  gradient  (cover  plates  hot,  center  of  spar 
webs  cool)  are  shown  in  Fig.  8.12.  These  curves  reflect 
not  only  the  previous  temperature  exposure  history  for 
strain  gage  curing  but  additional  time  at  the  test 
temperatures  as  well.  It  should  be  pointed  out  that 
the  cumulative  effects  on  various  elements  through  the 
cross-section  vary  considerably  due  to  the  non-uniform 
temperature  distribution.  For  example,  cover  plate 
elements  are  affected  severely  by  the  450 °F.  test  temp¬ 
erature  history  while  the  center  elements  of  the  spar 
webs  are  relatively  unaffected  since  the  temperature 
was  considerably  less  (approx.  275°F.)*  Excellent 
agreement  is  shown  throughout  the  entire  load  range  for 
these  curves  which  reflect  deformation  with  temperature 
and  load  applied. 

Figs.  8.13  and  8jL4  show  the  comparison  curves  for 
the  450 T.  unsymmetrical  temperature  gradients  (tension 
or  compression  cover  plate  hot,  opposite  cover  plate 
cool).  These  curves  reflect  the  effects  of  the  total 
temperature  exposure  history  from  both  strain  gage 
curing  and  test  as  in  the  450°F.  symmetrical  gradient 
case.  The  temperature-load  sequence  is  -*T,  +P  and  does 
not  reflect  the  permanent  set  of  the  structure.  General¬ 
ly,  the  test-analysis  agreement  is  good  throughout  the 
load  range  except  for  the  ultimate  on  specimen  B-6. 
Considering  the  large  reduction  of  material  properties 
this  might  be  accounted  for  by  some  variation  in  the 
yield  stress  of  critical  compression  elements.  In  any 
case,  it  should  be  noted  that  the  calculated  curve  is  on 
the  conservative  side  and  the  deviation  is  still  within 
the  limits  of  predictability  of  present  methods  at  room 
temperature. 


North  American  Aviation,  Inc.  NA62H-971 

COLUMBUS  DIVISION  -  '  >  J 

COLUMBUS  16,  OHIO  Page  LjO 


Fig.  8,15  is  a  summary  of  all  experimental 
deformation  curves  and  shows  the  effect  of  the  large 
reduction  in  strength  due  to  the  previous  temperature 
exposure  history  for  strain  gage  curing.  In  general, 
the  material  properties  reductions  for  aluminum  alloys 
may  he  considerably  more  significant  than  the  effects 
of  thermal  stresses  on  ultimate  strength. 

Fig.  8.16  is  a  summary  of  all  calculated  deforma¬ 
tion  curves  for  a  direct  comparison.  The  reference 
curve  for  specimen  B-4  is  included  to  further  illustrate 
the  effects  of  permanent  losses  of  material  properties 
on  the  load -deformation  curves  and  the  ultimate  strength. 

For  permanent  set  characteristics  and  the  yield 
load  comparison  a  summary  of  calculated  permanent  set 
curves  is  shown  in  Fig.  8.17«  Insufficient  test  data 
was  taken  to  adequately  evaluate  the  permanent  set 
problem.  However,  considering  the  analytical  strain 
procedures  used  to  define  the  load-deformation  charact¬ 
eristics,  it  may  be  assumed  that  the  test-analysis 
comparison  of  permanent  set  curves  (+T,  +P,  -P,  -T) 
would  produce  similar  accuracy  to  that  shown  for  the 
load -deformation  curves. 


*  Critical  element  is  the  compression  cover  plate  (Element  !)• 
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FIGURE  8.8 

SYMMETRICAL  BENDING  MOMENT  -  DEFORMATION  CURVE 
CALCULATED  -  TEST  COMPARISON 
ROOM  TEMPERATURE 
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FIGURE  8.9 

SYMMETRICAL  BETIDING  MOMENT  -  DEFORMATION  CURVE 
CALCULATED  -  TEST  COMPARISON 
SYMMETRICAL  TEMPERATURE  GRADIENT 
MAXIMUM  TEMPERATURE  OF  250°F.  ON 
BOTH  COVER  PLATES 
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•fr  Critical  element  is  the  compression  cover  plate  (Element  1) 


North  American  Aviation.  Inc. 

COLUMDU9  DIVISION 
COLUM0U5?  10.  OHIO 


NA62H-973 

Page  139 


FIGURE  8.10  . 

SYMMETRICAL  BENDING  MOMENT  -  DEFORMATION  CURVE 

CALCULATED  -  TEST  COMPARISON 
UNSIMMETRICAL  TEMPERATURE  GRADIENT 

MAXIMUM  TEMPERATURE  OF  250°F.  ON 
TENSION  COVER  PLATE 
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Critical  element  is  the  compression  cover  plate  (Element  1) 
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FIGURE  8.11  • 

SYMMETRICAL  BETIDING  MOMENT  -  DEFORMATION  CURVE 
CALCULATED  -  TEST  COMPARISON 
ASYMMETRICAL  TEMPERATURE  GRADIENT 
MAXIMUM  TEMPERATURE  OF  250°F.  ON 
COMPRESSION  COVER  PLATE 
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FIGURE  8.12 

SYMMETRICAL  BENDING  MOMENT  -  DEFORMATION  CURVE 

CALCULATED  -  TEST  COMPARISON 
SYMMETRICAL  TEMPERATURE  GRADIENT 
MAXIMUM  TEMPERATURE  OF  U50°F.  CN 
BOTH  COVER  PLATES 
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Critical  element  is  the  compression  cover  plate  (Element  l) 
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FIGURE  8.13  • 

SYMMETRICAL  BENDING  MOMENT  -  DEFORMATION  CURVE 


CALCULATED  -  TEST  COMPARISON 
ASYMMETRICAL  TEMPERATURE  GRADIENT 
MAXIMUM  TEMPERATURE  OF  l;50oF.  ON 
TENSION  COVER  PLATE 
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FIGURE  8.14 

SYMMETRICAL  BENDING  MOMENT  -  DEFORMATION  CURVE 
CALCULATED  -  TEST  COMPARISON 
UNSYMMETRICAL  TEMPERATURE  GRADIENT 
MAXIMUM  TEMPERATURE  OF  Ii50°F.  ON 
COMPRESSION  COVER  PLATE 
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*  Critical  Element  is  the  coinpression  cover  plate  (Element  1). 
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FIGURE  8.16  . 

SYMMETRICAL  BENDING  MOMENT  -  DEFORMATION  CURVE 
SUMMARY 

CALCULATED  MOMENT  -  DEFORMATION  CURVES 
(Temperature  and  Load  Applied;  Temperature  -  Load  Sequence  (+T,  +P) 
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Critical  element  is  the  compression  cover  plate  (Element  1). 


Critical  Element  Strain,  in./ii 
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8.3.2  SHORT  COLUMN  LOAD "DEFORMATION  CURVES 

This  section  presents  the  results  of  the  determi¬ 
nation  of  load -deformation  characteristics  for  the 
short  column  (crippling)  specimens.  Specimen  A-6  is 
not  included  in  this  section  due  to  the  unique  moment 
restraint  condition  encountered  during  the  test.  A 
rational  load-deformation  comparison  between  test  and 
analysis  could  not  be  made  considering  the  variation 
in  bending  moment  as  the  axial  load  was  increased 
from  zero  to  failure.  However,  an  analysis  of  the 
bending  moment  variation  is  shown  separately  in  Sec. 
8.2.1. 

The  curves  in  this  section  use  the  axial  (compres¬ 
sion)  load  as  ordinate  and  the  critical  element  strain 
for  element  m  as  abscissa.  The  axial  load  is  defined 
in  terms  of  the  elastic  applied  strain  as 
P  *  eapXEnAn,  and  the  critical  element  strain  is 

F 

em  =  aPm/Em  +  epsm 

|  where,  in  the  case  of  a  compression  load  acting  alone, 

the  elastic  and  inelastic  terms  are 

^GPm/gm  *=  eap  an<*  epsm  *=  ^ePj 

Fig.  8.18  shows  the  load-deformation  curves  of  the 
two  room  temperature  reference  specimens  compared  with 
the  calculated  curve.  From  Sec.  8.1.2  the  local 
buckling  coefficient  for  the  0.125  inch  cover  plate  is 
defined  in  Sec.  8.1.2  as  K  =  4.90.  Since  this  value 
was  quite  close  to  the  average  of  that  for  simply 
supported  (K  -  3*62)  and  clamped  edges  (K  =  6.35)  the 
buckling  coefficient  used  for  the  analysis  was  K  *=  4.985. 
With  no  previous  temperature  exposure  history  the 
material  properties  are  the  basic  room  temperature 
properties  obtained  directly  from  the  table  in  Fig. 

7*2.  As  in  the  bending  case,  two  room  temperature 
specimens  were  tested  to  verify  the  test  reference 
curve  to  be  used  for  comparison.  The  two  specimens 
correlated  extremely  well  up  to  the  peak  (crippling) 
load.  Although  this  peak  load  is  the  most  important 
for  design  purposes,  the  X  -  Y  plotter  data  shown 
includes  the  post-buckling  (post-failure)  portion  of 
,  the  load-deformation  curve  for  academic  reasons.  For 

/  purposes  of  future  analysis  it  is  important  to  define 
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the  shape  of  the  unloading  portion  of  the  curve,  The 
calculated  curve  shown  compares  quite  well  with  the 
test  data  up  to  the  crippling  load  at  which  time  a 
strain  cut-off  is  reached*  With  all  elements  in  com¬ 
pression  the  Ramberg-Osgood  stress  cut-off  was  taken 
as  the  yield  stress  for  every  element  in  the  cross- 
section.  This  is  consistent  with  the  yield  stress 
cut-off  used  on  the  compression  elements  of  the  bending 
specimens  described  in  the  previous  section.  Note 
the  slight  change  of  slope  for  both  the  analytical  and 
experimental  curves  at  about  P  =  -125*000  lbs.  which 
indicates  the  load  at  which  initial  buckling  of  the 
cover  plates  occurred.  These  curves  do  not  reflect 
the  permanent  set  (or  yield)  of  the  structure  as  the 
deformation  was  obtained  with  the  load  acting.  It 
should  be  noted  that  for  crippling  specimens  only  small 
permanent  set  may  be  present  at  loads  just  below  the 
failing  load.  It  is  interesting  to  note  that  the  peak 
loads  in  all  cases  were  attained  at  or  near  yield 
strain  for  the  critical  compression  element. 

Fig.  8.19  shows  the  comparison  between  ohe  ana¬ 
lytical  and  experimental  load-deformation  curves  for 
a  250°F.  symmetrical  temperature  gradient  (cover  plates 
hot,  channel  webs  cool).  Elevated  temperature  strain 
gage  curing  produced  a  prior  temperature  exposure 
history  as  shown  in  Fig.  6.6  and  a  material  properties 
evaluation  as  described  in  Sec.  7*0.  Extensometer  and 
strain  gage  data  is  plotted  in  addition  to  the  curve 
from  the  X  -  Y  plotter.  The  deviation  in  these  two 
curves  is  probably  due  to  the  large  difference  in  gage 
length  (approximately  one  inch  for  the  extensometer  and 
16  inches  for  the  X  -  Y  plotter).  Favorable  agreement 
between  the  analytical  and  experimental  data  was 
obtained,  particularly  at  the  peak,  or  crippling,  load. 

The  data  and  curves  of  Fig.  8.20  are  discussed  to 
some  degree  in  Sec.  8.2.1  considering  the  presence  of 
induced  bending  moments  produced  by  the  initial  bowing 
from  the  unsyrametrical  temperature  distribution.  The 
general  conclusions  from  Sec#  8,2.1  and  the  data  com¬ 
parison  of  Fig,  8.20  were  that  the  magnitude  of  the 
bending  moments  was  such  that  the  axial  load-deformation 
curve  was  relatively  unaffected.  Favorable  agreement 
between  test  and  analysis  was  obtained  considering  the 
material  properties  variation  produced  by  the  strain 
gage  curing  temperature  exposure  history. 
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Fig*  821  shows  the  results  for  a  425°F. 
symmetrical  temperature  gradient  (cover  plates  hot, 
channel  webs  cool).  In  addition  to  the  strain  gage 
curing  temperature  exposure  history,  the  test  tempera¬ 
ture  exposure  history  is  included  in  these  curves  for 
all  elements  with  a  test  temperature  exceeding  250°F. 
(aging  temperature).  Favorable  agreement  is  shown 
between  calculated  and  experimental  curves  with  the 
calculations  being  slightly  conservative. 

Fig.  8*22  is  a  summary  of  all  experimental  load- 
deformation  curves  for  a  direct  comparison  of  the 
effects  of  temperature  distribution  and  temperature 
exposure  on  the  peak,  or  crippling,  loads.  Specimen 
A -6  is  included  here  for  reference  purposes  only*  The 
temperature  distribution  on  this  specimen  was  a  425°F. 
unsymmetrical  temperature  gradient  (one  cover  plate 
hot,  opposite  cover  plate  cool).  The  effects  of  the 
bending  moment  are  clearly  shown  by  the  reduction  in 
peak  load  from  that  shown  for  A-3.  If  no  bending 
moment  were  present,  the  peak  value  for  A-6  should  be 
greater  than  that  for  A-3  for  axial  load  alone. 

The  summary  of  calculated  load-deformation  curves 
is  shown  in  Fig.  8.23  for  direct  comparison  of  crippling 
loads.  Specimen  A-6  is  not  shown  due  to  the  presence 
of  variable  bending  moments  as  described  in  Sec.  8.2.1. 

In  all  cases,  except  A-6,  the  test  failures  were 
crippling  failures  of  both  cover  plates.  All  failures 
were  symmetrical.  The  calculations  showed  the  compres¬ 
sion  cover  plates  to  be  the  critical  element  for  all 
specimens,  which  is  compatible  with  the  test  results. 
The  test  failure  of  A-6  was  similar  to  the  other  speci¬ 
mens,  but  was  considerably  unsymmetrical.  This  was 
due  primarily  to  the  presence  of  a  bending  moment 
which  produced  higher  compression  loads  on  one  cover 
plate.  The  calculations  for  the  analysis  of  Sec. 

8.2.1  indicated  this  cover  plate  to  be  the  critical 
element.  No  experimental  or  calculated  permanent  set 
data  is  shown  since  the  effects  are  quite  small  prior 
to  the  crippling  failure. 
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FIGURE  8.19 

SHORT  COLUMN  LOAD  -  DEFORMATION  CURVE 

SYMMETRICAL  TEMPERATURE  GRADIENT 
MAXIMUM  TEMPERATURE  OF  250°F.  OH  BOTH  COMPRESSION  COVER  PLATES 

SPECIMEN  NO.  A-b 
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FIGURE  8.20 

SHORT  COLUMN  LOAD  -  DEFORMATION  CURVE 

CALCULATED  -  TEST  COMPARISON 
UNSYMMETRICAL  TEMPERATURE  GRADIENT 
MAXIMUM  TEMPERATURE  OF  250°F.  ON 
COMPRESSION  COVER  PLATE  ELEMENT  1 
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-0.012 -0.016 -0.020 


*  Critical  Element  is  compression  cover  plate  (Element  1  or  11 ) 
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FIGURE  8.21 

SHORT  COLUMN  LOAD  -  DEFORMATION  CURVE 
CALCULATED  -  TEST  COMPARISON 
SYMMETRICAL  TEMPERATURE  GRADIENT 
MAXIMUM  TEMPERATURE  OF  1+25°F.  ON 
BOTH  COVER  PLATES 

SPECIMEN  NO.  A- 3 
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FIGURE  8.22 

SHORT  COLUMN  LOAD  -  DEFORMATION  CURVE 
SUMMARY 

X-Y  PLOTTER:  PRESSURE-LOAD  TRANSDUCER  DATA 
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FIGURE  8.23 

SHORT  COLUMN  LOAD  -  DEFORMATION  CURVE 
SUMMARY 

CALCULATED  LOAD-DEFORMATION  CURVES 


(Specimen  A -6  not  shown.  Refer  to  Section  8.2.1) 
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5.3.3  LONG  COLUMN  LOAD  -  DEFORMATION  CURVES 

This  section  presents  the  results  of  the  determination  of  load- 
deformation  characteristics  for  the  long  column  specimens.  The 
comparison  between  calculated  and  experimental  results  is  made 
on  a  somewhat  different  basis  than  for  the  other  types  of  speci¬ 
mens  due  to  the  wide  variation  in  end  restraint  conditions  between 
specimens.  The  end  restraint  conditions  are  evaluated  in  Section 
fi,2,2  and  summarized  in  Figure  8,7.  Generally,  the  peak,  or 
buckling,  loads  are  co n oared,  but  some  data  is  shown  for  post- 
buckling  sections  of  the  load -deforma tion  curve.  To  compare  the 
calculated  arv3  experimental  curves  the  test  end  restraint  con¬ 
ditions  were  used  in  the  calculations  for  each  individual  specimen 
except  in  the  room  temperature  case  where  an  average  between  the 
two  test  specimens  v;as  used. 

The  curves  in  this  section  use  the  axial  (compression'!  load  as 
ordinate  and  an  overall  foreshortening  strain  as  abscissa.  The 
axial  load  is  defined  in  terms  of  the  elastic  applied  strain  as 
F  «  eao2,EnAn>  and  the  foreshortening  strain  is 


s  (e  +  e  )  +  Al 
veap  7-^ 


where  Al  represents  the  foreshortening  produced  by  the  lateral 

deflection.  This  data  is  plotted  for  the  applied  load  (*P)  and  the 
temoerature  (*T)  both  being  present  on  the  column.  No  permanent 
set  data  is  shown  since  the  peak  loads  occur  in  the  elastic  stress 
region  for  these  long  columns.  The  permanent  set  data  in  the  post- 
buckling  region  would  become  important,  however,  for  a  long  column 
acting  as  a  structural  member  in  a  complex  structure. 

Figure  8,24 chows  the  corrected  x-y  plotter  data  for  the  two  room 
temperature  columns  compared  with  a  calculated  curve  for  an  end 
restraint  coefficient  of  c  =  l.?5.  This  is  the  average  of  c  *  1.2 
for  C-2  and  c  -  1.3  for  C-l.  The  original  x-y  plotter  data  for 
the  test  specimens  was  corrected  for  the  deflection  of  the 
scherical  ball  and  rocket  joint  used  at  the  loading  heads  of  the 
test  machine  since  the  overall  foreshortening  deflection  measure¬ 
ments  were  taken  between  the  heads  of  the  machine.  Since  the  peak 
load  at  room  temperature  is  predictable  by  the  Euler  formula 
anyway,  it  is  cxoected  that  the  calculated  and  experimental  curves 
should  be  nearly  identical  up  to  the  peak  load.  The  interesting 
portion  of  these  curves  is  in  the  post -buckling  area  and  the  ‘strain 
at  which  the  final  failure  occurs.  Test  failures  were  identical 
and  occurred  at  very  nearly  the  same  strain,  A  calculated  nor tion 
of  the  post-buckling  curve  shewed  reasonable  agreement  with  the 
test  data  considering  that  the  post-buckling  calculations  are 
somewhat  arnrox ‘mate ,  Tnc  peak  values  arc  taken  ar  the  reference 
va luo s  f 0 r  t h e  d e t err, i na t i 'u;  cS  a ppl  ie d  1  oa d  ra i  **  o s  in  Section  f  •  ^ • 
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The  calculated -test  comparison  shown  in  Figure  8.25  for 
ecr  s  -0. 00183^  in. /in.  (c  s  1.61i3)  tends  to  show  that  the 
critical  buckling  load  is  affected  primarily  by  material  pro¬ 
perties  and  relatively  unaffected  by  the  thermal  stresses 
produced  by  the  symmetrical  temperature  gradient.  The  lower 
curve  for  ecr  *  -0.001L02  in. /in.  (c  *  1#?5)  is  calculated  for 
comparison  with  the  room  temperature  curve  of  Figure  8.2^  and 
the  applied  load  ratios  of  Section  9.0.  The  test  curve  of 
Figure  8.25  is  based  on  extensometer  data  since  the  x-y  plotter 
data  was  not  complete  due  to  the  unexpected  high  load  (-31,700 
lbs.). 

Specimen  C-Jj  shown  in  Figure  8.26  indicates  that  the  effect  of  an 
un symmetrical  temperature  gradient  on  these  specimens  tends  to 
produce  end  restraint  conditions  very  close  to  a  pin  end.  Tnis 
is  indicated  by  the  comparison  of  calculated  and  experimental 
data  where  the  buckling  strain  for  purposes  of  calculation  was 
taken  as  ecr  s  -0.001135  in. /in.  (c  *  1.0).  x-y  plotter  data 
was  used  to  plot  the  experimental  curve.  No  correction  was 
made  for  ball  and  socket  deflection  which  accounts  for  some  of 
the  deviation  in  test  and  calculated  slopes.  The  higher  cal¬ 
culated  curve  for  ecr  *  -0,001102  in. /in.  is  shown  for  reference 
purposes  since  this  curve  is  used  in  defining  the  applied  load 
ratios  of  Section  9.0. 

Figure  8.27  shows  the  effect  of  a  symmetrical  temperature  gradient 
and  maximum  cover  plate  temperature  of  l:50°F.  As  in  the  250°F 
symmetrical  gradient  case,  the  indications  are  that  the  peak  load 
is  primarily  affected  by  material  properties  and  is  relatively 
unaffected  by  the  thermal  stresses.  Assuming  this  is  correct, 
the  end  restraint  coefficient  is  c  -  1.307  which  is  fairly 
realistic  when  comoared  with  the  room  temperature  tost  specimens. 
For  c  ■  1.307  the  critical  buckling  strain  is  ecr  -  -O.OOIL63 
in. /in.  and  the  calculated  curve  is  shewn  for  this  value.  An 
additional  calculated  curve  is  shown  for  ecr  s  -O.COllO?  in. /in. 

(c  *  1.25)  for  the  applied  load  ratios  of  Section  9.0. 

The  unsymmetrical  tempera  lure  gradient  (li50°F  maximum  temperature) 
produced  considerably  more  initial  bowing  than  the  ?£0°F.  un  symmet¬ 
rical  condition.  Although  the  initial  slope  of  the  test  curve 
was  not  corrected  for  ball  and  socket  deflection,  it  appears  that 
the  slope  deviation  between  test  and  analysis  is  produced  by 
initial  bowing  due  to  temperature  rather  than  end  fitting  deflec¬ 
tion.  This  tends  to  be  substantiated  by  comparing  the  slope 
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deviation  between  the  ?5>0°F.  and  L50°F.  unsymmetrical  gradient 
cases.  Further  substantiation  is  provided  by  comparing  unsymmet- 
rical  temperature  gradient  test  curves  with  those  from  the 
symmetrical  temperature  gradient  tests.  As  in  the  250°F.  un- 
symmetrical  gradient  case,  the  peak  load  attained,  as  shown  in 
Figure  8.28,  indicates  that  the  initial  bowing  produced  an  end 
restraint  condition  of  c  s  1.0  (pin  end).  The  test  peak  load 
compares  favorably  with  that  calculated  for  ecr  =  -0.001135 
in. /in#  (c  •  1.0).  The  higher  calculated  curve  shown  is  for 
reference  only  using  ecr  *  -0.001402  in, /in.  (c  K  1.25)  for  a 
comparison  of  aoplied  load  ratios  in  Section  9.0  on  a  common 
end  fixity  basis. 

Figure  8.29  is  a  summary  of  all  experimental  long  column  curves 
as  dbtained  from  either  x-y  plotter  or  extenrometer  data.  End 
restraint  conditions  v:ere  as  defined  in  Section  8.2.2  which 
also  shows  a  more  detailed  evaluation  of  the  test  end  restraint 
problem. 

Figure  8.30  is  a  summary  of  calculated  load-deformaticn  curves 
for  each  specimen  and  temperature  distribution  based  upon  the 
end  fixity  conditions  as  defined  by  the  test  specimens.  These 
curves  were  computed  for  direct  comparison  with  the  curves 
obtained  from  test  data. 

Y’ith  generally  favorable  agreement  obtained  between  test  and 
analysis  peak  loads  the  summary  of  calculated  load-deformation 
curves  shown  in  Figure  8.31  was  obtained  for  a  constant  end  fixity 
of  c  s  1.25  based  upon  the  average  of  the  room  temperature  speci¬ 
mens.  The  peak  loads  obtained  from  thf're  curves  are  used  to 
define  the  applied  load  ratios  of  Figure  9#4  in  Section  9.0. 
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FIGURE  8.25 

LONG  COLUMN  LOAD  -  DEFORMATION  CURVE 
CALCULATED  -  TEST  COMPARISON 
SYMMETRICAL  TEMPERATURE  GRADIENT 

MAXIMUM  TEMPERATURE  OF  250°F.  ON  BOTH  COVER  PLATES 
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FIGURE  8.26 

LONG  COLUMN  LOAD  -  DEFORMATION  CURVE 
CALCULATED-TEST  COMPARISON 
UNSYMMETRICAL  TEMPERATURE  GRADIENT 
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FIGURE  8.27 

LONG  COLUMN  LOAD  -  DEFORMATION  CURVE 
CALCULATED-TEST  COMPARISON 
SYMMETRICAL  TEMPERATURE  GRADIENT 
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FIGURE  8.28 

LONG  COLUMN  LOAD  -  DEFORMATION  CURVE 
CALCULATED-TEST  COMPARISON 
UNSYMMETRICAL  TEMPERATURE  GRADIENT 

MAXIMUM  TEMPERATURE  OF  1+50°F.  ON  ONE  COVER  PLATE 
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FIGURE  8.30 

LONG  COLUMN  LOAD  -  DEFORMATION  CURVE 
SUMMARY  —  CALCULATED  LOAD-DEFORMATION  CURVES 
END  RESTRAINT  CONDITIONS  AS  PER  TEST  (REFER  TO  SECTION  8.2.2) 
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FIGURE  8.31 

LONG  COLUMN  LOAD  -  DEFORMATION  CURVE 
SUMMARY  —  CALCULATED  LOAD-DEFORMATION  CURVES 
FOR  ASSUMED  CONSTANT  END  RESTRAINT  (c  =  1.25) 
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8.3.4  THERMAL  CYCLING  LOAD -DEFORMATION  CURVES 


Thermal  cycling  tests  were  performed  on  eight 
specimens  for  a  variety  of  temperatures,  temperature 
distributions,  applied  bending  moments,  and  bending 
moment  direction.  Essentially  these  tests  were 
performed  by  alternately  applying  and  removing  the 
temperature  at  some  fixed  value  of  bending  moment 
on  the  cross-section.  All  strain  data  was  recorded 
from  extensometers  mounted  at  the  four  corners  of  the 
box  beam.  No  elevated  temperature  strain  gages  were 
used  which  eliminated  the  necessity  of  considering 
a  strain  gage  curing  temperature  exposure  history  in 
the  evaluation  of  the  material  properties.  On  speci¬ 
mens  B-13  and  B-ll  the  test  temperature  exposure 
history  did  not  affect  the  material  properties. 
Therefore,  short  time  elevated  temperature  properties 
were  adequate  to  define  the  material  properties. 

Two  specimens  were  tested  at  various  levels  of 
cross-section  bending  moment  for  a  250°F.  symmetrical 
temperature  distribution  (cover  plates  hot,  spar 
webs  cool).  The  first  specimen  (B-13)  was  loaded  at 
room  temperature  to  a  bending  moment  of  315*000  in.- 
Ibs,  Crippling  failure  of  the  compression  cover 
plate  and  channel  flanges  occurred  at  the  first 
application  of  temperature.  The  strain  data  recorded 
during  the  room  temperature  loading  was  nearly 
identical  to  that  for  the  original  room  temperature 
bending  specimens  (B-l  and  B-17)  and  no  data  at 
elevated  temperature  was  recorded.  Temperature 
cycling  at  four  values  of  bending  moment  was  per¬ 
formed  on  specimen  B-ll  with  the  results  shown  in 
Figure  8.3?.  Generally,  this  data  indicates  a  trend 
toward  elastic  shakedown  at  all  load  levels  with 
any  significant  strain  accumulation  occurring  only 
at, or  very  close  to,  the  ultimate  load.  Since  the 
material  properties  are  not  changing  from  one  cycle 
to  the  next  and  the  time -temperature  relationship 
is  not  sufficient  to  produce  significant  creep, the 
experimental  data  shown  reflects,  essentially,  some 
strain  accumulation.  However,  the  shape  of  the  knee 
of  the  curve  and  the  low  strain  instability  type 
failures  are  indicative  of  the  presence  of  only  small 
inelastic  effects  at  load  levels  just  below  the 
ultimate  which  results  in  elastic  shakedown,  Reference 
(  b  ),  after  only  a  small  number  of  temperature 
cycles.  This  may  infer  that  significant  strain 
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accumulation  in  structures  which  fail  by  local 
instability  is  restricted  to  a  very  small  range 
of  loads  close  to  the  ultimate.  The  calculated 
curve  for  the  temperature-load  sequence  shown  in 
Figure 8.32  indicated  elastic  shakedown  at  the 
first  temperature  cycle  at  all  load  levels.  This 
indicates  the  sensitivity  of  the  shape  of  the 
curve  and  the  necessity  of  defining  the  element 
yield  stress  quite  accurately  if  analytical  strain 
accumulation  studies  are  to  be  performed  accurately. 

Two  specimens  (B-l6  and  B-12)  were  tested  in 
a  450°F.  symmetrical  temperature  environment  for 
various  bending  moments  on  the  cross-section. 
Temperature  exposure  histories  and  the  variation 
of  material  properties  during  the  test  (Tables  2 
and  3  of  Figure  ^17  )  affect  the  element  strains 
in  these  cases.  This  variation  is  accounted  for 
in  the  determination  of  the  analytical  data  points 
shown  in  Figures  8.33  and  8.34.  .  Specimen  B-l6 
experimental  and  analytical  data  shown  in  Figure  8.33 
were  obtained  for  loads  well  below  the  static 
ultimate  load,  and  reflect,  primarily,  the  effects 
of  material  properties  variation  with  an  increase 
in  temperature  cycles.  The  favorable  comparison 
between  analytical  and  experimental  data  points  and 
the  small  strain  change  between  cycles  is  indicative 
of  small  changes  in  material  properties  only.  No 
curves  are  drawn  since  the  previous  strain  history 
affects  the  strain  at  each  succeeding  load  level. 
Therefore,  the  curves  would  not  be  representative 
of  a  true  thermal  cycling  curve.  Seven  complete 
temperature  cycles  were  applied  to  specimen  B-12 
at  a  fixed  value  of  bending  moment  yielding  the 
experimental  data  shown  in  Figure  8.34.  The  calcu¬ 
lations  were  performed  for  a  fixed  number  of  tem¬ 
perature  cycles  at  three  different  load  levels  with 
the  two  lower  loads  showing  elastic  shakedown  at 
the  first  temperature  cycle.  At  a  load  near  the 
ultimate  both  the  analytical  and  experimental  data 
show  some  strain  accumulation.  The  small  changes 
in  material  properties  and  the  short  time  intervals 
between  cycles  indicate  that  creep  and  material 
properties  variation  between  cycles  probably 
represent  only  a  small  part  of  the  accumulation. 

This,  coupled  with  the  fact  that  both  the  tension 
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and  compression  cover  plates  were  inelastic 
indicates  some  thermal  cycling  strain  accumulation 
to  be  present.  In  addition,  the  experimental  data 
indicates  a  trend  toward  elastic  shakedown  at  the 
seventh  cycle.  The  comparison  of  analytical  and 
experimental  data  is  considered  favorable  in  light 
of  the  material  properties  variation  and  variations 
in  the  shape  of  the  stress-strain  curves.  With  the 
compression  element  critical  and  the  mode  of  failure 
as  local  instability,  the  tendency  to  elastic 
shakedown  is  shown  even  at  very  high  loads. 

To  investigate  the  effects  of  both  positive 
and  negative  bending  moments  on  beams  with  unsyra- 
metrical  temperature  gradients  present  the  final 
group  of  four  specimens  was  tested  in  a  controlled 
temperature  environment  and  temperature  exposure 
history.  Two  specimens  (B-10  and  B-15)  were  tested 
for  the  450°F.  unsymmetrical  gradient  condition  with 
the  applied  bending  momenta  producing  tension  on 
the  450°F.  cover  plate.  Two  specimens  (B-9  end 
B-14)  were  tested  for  the  450°F.  unsymmetrical  gradient 
condition  with  the  applied  bending  moment  producing 
compression  on  the  450°F.  cover  plate.  The  intent 
of  this  portion  of  the  study  was  to  compare  and 
evaluate, the  strain  accumulation  for  a  given  tempera¬ 
ture  environment  and  history  for  critical  compression 
elements  and  critical  tension  elements.  For  this 
comparison  seven  temperature  cycles  were  applied  to 
each  of  the  four  specimens  at  some  specified  bending 
moment.  The  calculations  were  performed  for  seven 
temperature  cycles  at  several  bending  moment  values 
in  the  range  of  the  applied  test  moments.  The 
maximum  temperature  (450°F. )  and  the  time  at  maximum 
temperature  during  initial  loading  and  at  each 
temperature  cycle  were  controlled  as  closely  as 
practicable  to  produce  uniformity  of  temperature 
environment  between  specimens.  The  temperature 
distribution  through  the  cross-section  could  not 
be  as  easily  controlled  as  shown  by  Figures  6.15  and 
6.l6.  Therefore,  the  variation  in  element  temperatures 
between  specimens  affects  the  material  properties, 
and,  consequently  the  shape  of  the  load-deformation 
curve.  The  experimental  curves  for  B-10  and  B-15, 
and  for  B-9  and  B-14  indicate  the  effect  of  material 
property  variation  between  specimens  to  be  relatively 
small. 
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The  critical  tension  element  curves  for 
specimens  B-10  and  B-15  illustrate  typical  strain 
accumulation  at  both  load  levels  with  a  tendency 
toward  elastic  shakedown  after  a  very  limited 
number  of  cycles*  It  is  possible  that  elastic 
shakedown  would  not  occur,  however,  since  the 
accumulating  temperature  exposure  history  is  pro¬ 
ducing  continually  decreasing  material  properties. 

In  addition,  creep  effects  could  become  significant 
as  time  at  temperature  is  increased.  The  calculated 
data  shows  a  similar  trend  but  the  correlation  with 
test  data  is  highly  dependent  upon  the  accuracy  of 
the  material  properties,  particularly  the  yield 
stress  of  the  material.  Any  variation  in  the  yield 
stress  affects  the  sensitivity  of  the  strains  in 
and  beyond  the  knee  of  the  stress-strain  curve. 

From  Figures  8.35  and  8. £  it  is  apparent  that  the 
yield  stress  values  for  critical  extreme  fiber 
elements  in  the  analysis  were  somewhat  higher  than 
the  actual  values  for  the  specimens.  It  should  be 
noted,  however,  that  only  a  5$  variation  could  be 
serious  when  strain  calculations  in  the  knee  of 
the  stress-strain  curve  are  involved. 

Specimens  B-9  and  B-l4  defined  the  critical 
compression  element  curves  as  shown  in  Figures 
8L37  ana  8.38.  Both  specimens  showed  small  strain 
accumulation  effects  and  rapid  shakedown  to  the 
elastic  case  similar  to  previous  specimens  where 
the  critical  element  was  the  compression  cover 
plate.  As  in  the  tension  case  the  calculated  data 
showed  results  similar  to  the  experimental  data 
(either  no  strain  accumulation  or  small  accumula¬ 
tion  and  rapid  elastic  shakedown).  The  elastic 
shakedown  occurs  fairly  rapidly  in  temperature¬ 
load  environments  of  this  type  for  several  reasons. 
The  inelastic  effects  present  on  the  hot  side,  with 
compression  loads  acting,  are  directly  related  to 
the  buckling  of  the  cover  plate.  The  cool  side, 
with  tension  loads  acting,  has  considerably  higher 
material  properties,  thus,  delaying  the  onset  of 
inelastic  strain.  Furthermore,  with  buckling 
occurring  on  the  hot  side,  the  neutral  axis  tends 
to  shift  toward  the  tension  side  and  further  delays 
the  onset  of  inelastic  strain  on  the  tension  side. 
For  true  thermal  cycling  strain  accumulation  to 
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occur  in  bending,  both  sides  of  the  beam  must 
be  inelastic.  This,  coupled  vith  the  fact  that 
the  compression  instability  failure  is  essentially 
a  low  strain  failure,  tends  to  explain  why  very 
little  strain  accumulation  occurs  at  loads  just 
below  the  failing  load  for  specimens  B-9  and  B-L4. 

Comparing  the  curves  of  B-10  and  B-15  with 
those  for  B-9  and  B-l4  illustrates  the  difference 
in  strain  accumulation  when  the  hot  side  is  in 
tension  and  when  the  hot  side  is  in  compression. 

The  greater  strain  accumulation  shown  by  B-10  and 
B-15  is  produced  by  the  fact  that  the  inelastic 
effects  tend  to  occur  on  both  cover  plates  as 
opposed  to  B-9  and  B-l4  where,  in  general,  the 
inelastic  strains  on  the  tension  covers  of  B-9  and 
B-14  are  reduced  as  described  in  the  preceding 
paragraph.  This  effect  is  noted  in  both  the 
analytical  and  experimental  data.  However,  the 
comparison  between  test  and  analysis  can  only  be 
made  on  a  qualitative  basis  to  define  the  relative 
effects  of  strain  accumulation  due  to  the  sensi¬ 
tivity  of  the  yield  stress  and  shape  of  the  stress- 
strain  curve. 

For  plotting  purposes  the  ordinate  and 
abscissa  are  as  defined  in  Section  8.3.I  for  the 
bending  specimens. 
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FIGURE  8.33 

THERMAL  CYCLING  -  450°  F.  SYMMETRICAL  TEMPERATURE 
GRADIENT  (MAXIMUM  TEMPERATURE  ON  DOTH  COVER  PLATES) 
SPECIMEN  NO.  B-16 
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FIGURE  8.3U 

THERMAL  CYCLING  -  450°  F.  SY1EETRICAL  TEMPERATURE 
GRADIENT  (MAXIMUM  TEMPERATURE  ON  BOTH  COVER  PLATES) 
SPECIMEN  NO.  B-12 
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9.0  APPLIED  LOAD  RATIOS 

The  structural  design  (and  test)  condition  which 
includes  both  a  load  and  temperature  environment  may*  under 
certain  circumstances,  be  adequately  simulated  for  test 
purposes  by  the  load  environment  alone*  Considering  axial 
load  and/or  bending  moment,  no  cross-section  warping,  and 
precluding  shear  or  Joint  failures  the  elevated  temperature 
static  test  may  be  simulated  at  room  temperature  if  the 
applied  load  ratios  consider  certain  specific  factors. 

For  a  realistic  definition  of  elevated  temperature  structural 
integrity  the  following  factors  must  be  considered: 

1,  Variation  of  material  properties  through  the 
cross-section  where  the  reduction  of  material 
properties  on  any  structural  element  must,  in 
some  cases,  allow  for  the  effects  of  previous 
complex  temperature  exposure  histories, 

2,  The  effects  of  thermal  stresses, 

3,  Inelastic  stress-strain  relationships, 

4,  Buckling, 

5,  Possible  use  of  mixed  materials. 

The  load-deformation  procedures  described  in  this  report 
allow  for  these  factors  and  provide  a  means  whereby  an 
applied  load  ratio  can  be  defined  for  ultimate  load, 
yield  load  defined  by  the  0,002  in, /in,  offset  strain, 
or  any  other  desired  value  of  permanent  set,  .  In  addition, 
these  procedures  allow  for  temperature -load  sequencing 
which  indicates  a  possibility  of  simulating  thermal  cycling 
with  either  a  single  temperature  cycle  or  a  single  static 
test  at  room  temperature. 

This  section  describes  and  compares  the  analytical 
and  test  results  in  terms  of  applied  load  ratios  for  the 
bending,  short  column  (crippling),  and  long  columns. 
Calculated  ultimate  applied  load  ratios  are  compared 
directly  with  the  test  values  and  typical  calculated  yield 
load  ratios  are  compared  with  the  calculated  ultimate  load 
ratios  for  the  bending  specimens*  The  tables  illustrate 
what  might  be  expected  as  typical  applied  load  ratios  for 
7075-T6  aluminum  alloy  structures  when  subjected  to  tempera¬ 
ture  environments  and  exposure  histories  similar  to  those  of 
this  study. 
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9.1  TEST  SUMMARY  AND  ANALYSIS  COMPARISON 
9.1.1  BENDING  SPECIMENS 

The  ultimate  applied  load  ratios  for  all 
bending  specimens  are  shown  in  Figure  9*1#  This 
table  shows  the  ultimate  (failure)  bending  moments 
from  both  test  and  analysis  along  with  the  per 
cent  deviation  of  the  calculated  value  from  the 
test  value.  All  test  failures  were  a  general 
instability  (crippling)  failure  of  the  compression 
cover  including  the  flanges  of  the  channel  spar 
webs.  Calculations  showed  the  compression  cover 
plate  to  be  the  critical  element  in  all  cases. 

The  agreement  is  considered  quite  favorable  since 
the  deviations,  in  most  cases,  are  well  within 
the  accuracy  afforded  by  material  properties 
variation  alone,  particularly  when  complex  tempera¬ 
ture  exposure  histories  are  involved.  In  addition, 
Figure  9,1  compares  the  calculated  and  test  applied 
load  ratios  where  the  applied  load  ratio  is  a 
multiplying  factor  on  the  applied  loads  at  elevated 
temperature  and  is  defined  by 


Rult. 


(MUlt.)R<Tt 

^MuU*)e.t. 


where  the  values  of  (Muit,)^  m  vere  taken  as 

329,500  in, -lbs,  and  345,000  in,-lbs,  for  test 
and  analysis  ratios,  respectively.  Generally, 
good  agreement  was  obtained  with  the  positive 
deviations  indicating  the  analytical  procedures 
to  be  slightly  conservative.  The  use  of  MIL- 
HDBK-5  material  properties  (as  required  for  design) 
would  ensure  conservatism  in  the  simulated  test 
at  room  temperature  when  used  in  conjunction  with 
the  load-deformation  technique  described  in  this 
report, 

A  comparison  of  calculated  ultimate  and 
calculated  yield  applied  load  ratios  is  shown  in 
Figure  9*2  bo  illustrate  the  fact  that  it  may  be 
necessary  to  define  applied  load  ratios  for  each 
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structural  design  criterion.  This  also  serves 
to  define  vhich  criterion  is  critical,  such  as 
yield  or  ultimate.  The  calculated  ultimate 
moments  and  applied  load  ratios  shown  are  based 
on  the  cut-off  moment  defined  by  the  load-deformation 
curve  with  temperature  and  load  acting  ( temperature - 
load  sequence,  -*T,  +F),  The  calculated  yield 
moments  and  applied  load  ratios  are  based  on  the 
applied  bending  moment  defined  by  the  0,002 
in,/in,  offset  yield  strain  on  the  critical  element 
load-defonnation  (strain)  curve  with  temperature 
and  load  applied  and  then  removed  ( temperature - 
load  sequence,  +T,  +P,  -P,  -T).  The  yield  applied 
load  ratios  are  multiplying  factors  on  the  applied 
load  at  elevated  temperature  and  are  defined  by 


(*Vield  )r,t, 

(%ield)E>T> 

where  the  calculated  value  of  (Myield)^  T  in 

Figure  9.2  is  324,000  in, -lbs.  Insufficient  test 
data  was  available  for  comparison  of  calculated 
and  test  yield  values.  However,  satisfactory 
agreement  between  test  and  analysis  curves  with 
temperature  and  load  acting  (-fT,  +P)  implies,  at 
least,  favorable  agreement  between  calculated  and 
test  permanent  set  curves  defined  by  the  tempera¬ 
ture-load  sequence  +T,  +P,  -P,  -T, 
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9.1.2  SHORT  COLUMN  SPECIMENS 

The  applied  load  ratios  for  the  crippling 
loads  of  all  short  column  specimens  are  summarized 
and  compared  in  Figure  9.3.  All  test  and  calcu¬ 
lated  failures  were  similar  with  the  0*125  inch 
cover  plates  being  the  critical  elements.  The 
agreement  between  test  and  analysis  crippling 
loads  is  quite  good,  especially  considering  the 
material  properties  variation  when  complex  tem¬ 
perature  exposure  histories  are  involved.  The 
applied  load  ratios  are  multiplying  factors  on 
the  applied  loads  at  elevated  temperature  and  are 
defined  by 


cc 


(Pcc)r.T. 

(pcc)E#T. 


where  the  values  of  (P,^ _ were  taken  as 

V  ccJr.t, 

•221,000  lbs.  end  -223*600  Its.  for  test  and 
analysis  ratios,  respectively.  As  in  the  case 
of  the  bending  specimens  the  use  of  MH-HDBK-5 
material  prperties  would  ensure  conservatism  for 
calculated  applied  load  ratios  used  to  perform 
the  simulated  elevated  temperature  static  test 
at  room  temperature. 

No  yield  values  are  shown  since  the  crippling 
failures  occur  near  yield  strain  and  the  permanent 
set  effects  for  the  specimens  in  this  study  were 
quite  small  until  the  peak,  or  crippling,  load  was 
reached.  It  does  appear,  however,  that  another 
important  structural  design  criterion  should  be 
related  to  permanent  buckling  in  addition  to  the 
0,002  in, /in,  offset  yield  and  the  ultimate 
strength.  This  is  particularly  true  when  the 
thermal  strains  from  non-uniform  temperature 
distributions  have  a  severe  effect  on  the  initial 
buckling  of  plate  elements  in  the  cross-section. 

For  many  structures  which  fail  by  local  instability 
it  may  be  that  the  permanent  buckling  criterion 
should  replace  the  0.002  in, /in.  offset  yield. 
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Although  not  investigated  in  this  study,  the  use 
of  load -deformation  (strain  design)  techniques 
seems  to  offer  a  means  to  define  the  point  at 
which  permanent  buckling  occurs.  The  relative 
shape  of  bending  and  compression  load-deformation 
curves  seems  to  indicate  that  a  structural  design 
criterion  associated  with  permanent  buckling  may 
apply  more  to  compression  produced  by  bending  than 
by  a  compression  load  alone.  In  any  case,  some 
consideration  should  be  given  to  further  studies 
related  to  the  experimental  and  analytical  deter¬ 
mination  of  permanent  buckling.  With  permanent 
buckling  defined  at  both  room  and  elevated 
temperature  an  applied  load  ratio  could  be  defined 
as  for  the  0.002  in. /in.  offset  yield  and  ultimate 
load. 
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9.1.3  LONG  COLUMN  SPECIMENS 

The  variation  in  test  end  fixity  between 
column  specimens  would  not  allow  a  compatible 
comparison  of  applied  load  ratios.  However,  to 
demonstrate  the  procedure,  calculations  were 
performed  for  all  column  specimens  for  a  given 
column  buckling  strain  (ecr  »  -0,001402  in, /in*) 
which  corresponds  to  an  end  fixity  of  c  =  1,25 
which  was  the  average  test  value  for  the  two  room 
temperature  specimens.  The  calculated  applied 
load  ratios  are  summarized  in  Figure  9*^  to 
illustrate  the  effect  of  various  temperature 
distributions  on  the  applied  loads  for  roon 
temperature  simulation.  The  applied  load  ratios 
in  Figure  9#^  are  calculated  by 


(Pmax,)R#T< 

(pmax.)E^ 


The  comparison  of  the  calculated  peak  loads  and 
the  Euler  buckling  loads  indicates  the  major 
effect  on  the  maximum  load  to  be  produced  by 
material  properties  variation  and  initial  bowing 
of  the  column  induced  by  unsymmetrical  temperature 
gradients  through  the  cross-section.  Note  par¬ 
ticularly  colmn  specimen  C-5  which  seems  to  indicate 
that  the  peak  load  is  still  very  close  to  Pcr  as 
defined  by 

Per  =  ecr  SEnAn 


despite  the  presence  of  comparatively  large  thermal 
stresses  as  long  as  the  temperature  gradient  is 
symmetrical.  This  may  not  be  true,  however,  if 
buckling  is  produced  by  the  thermal  stresses.  No 
data  is  available  to  substantiate  the  critical 
buckling  load  versus  maximum  load  comparison  in 
this  case. 
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FIGURE  9.4 

SUMMARY  —  CALCULATED  PEAK  APPLIED  LOAD  RATIOS 
LONG  COLUMN  SPECIMENS 
Based  on  end  fixity  coefficient,  c  *  1.25 

e„  «  -0. 001402  in. /in. 
cr  9 


COLUMN 
SPEC  L  IEN 


TEST 

TEM>ERATURE 

CONDITION 

CALCULATED 

PEAK 

LOAD,  LBS. 

CALCULATED 
PEAK  LOAD 
RATIO 

EULER* 

BUCKLING 

LOAD,  LBS. 

B.T. 

-26450 

1.00 

-26I150 

R.T. 

-26450 

1.00 

-26450 

250°niax. 

(symmetrical) 

-24120 

1.097 

-24150 

250°max. 

(unsymmetrical) 

i 

-23200 

1.140 

-24650 

450°max. 

(symmetrical) 

-17900 

1.480 

-18200 

450°max. 

(unsymmetrical) 

-18850 

1.4o4 

-22080 

*  Pcr  =  ecr  2  EnAn  (Reference  only) 
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9.1.4  THERMAL  CYCLING  SPECIMENS 


Although  load-deformation  curves  are 
presented  in  Section  8*0  for  the  thermal  cycling 
specimens,  no  table  of  applied  load  ratios  is 
shown*  The  applied  load  ratio  procedure  could 
be  used,  however,  by  selecting  some  specific 
design  criterion,  such  as  0.002  in. /in,  offset 
(yield),  some  fixed  value  of  total  strain,  or 
ultimate  load.  In  general,  the  most  important 
thermal  cycling  curve  to  consider  for  simulation 
at  room  temperature  is  the  elastic  shakedown 
curve.  This  is  the  lowest  of  the  thermal  cycling 
curves  and  represents  a  different  number  of 
temperature  cycles  at  each  load  level.  The 
elastic  shakedown  curve  is  representative  of 
aircraft,  or  other  vehicles,  where  more  than 
one  temperature  cycle  is  expected  or  various 
types  of  missions  are  to  be  performed.  Using 
this  curve  the  applied  load  ratio  may  be  based 
on  some  specific  maximum  total  strain  or  maximum 
permanent  set  strain  rather  than  failure,  or  the 
number  of  cycles  at  failure  (elongation  of  the 
material)  may  be  selected  as  the  design  criterion. 
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9*2  COMPARISON  WITH  SIMPLE  APPROXIMATE  ..RATIOS 

As  pointed  out  in  Sec,  1.0  many  contractors  have  used  various  forms 
of  simplified  approximate  applied  load  ratios  to  simulate  an  elevated 
temperature  static  test  at  room  temperature.  Many  of  these  ratios 
have  considered  only  the  reduction  in  basic  material  properties 

*ty>  *cy,  or  E),  and  some  have  considered  material  properties 
reduction  plus  the  effect  of  the  addition  of  thermal  stresses  to  the 
applied  stresses.  Usually  this  latter  case  has  been  defined  by 
adding  elastically  the  applied  and  thermal  stresses.  This  section 
purports  to  show  how  some  of  these  approximate  ratios  compare  with 
the  actual  test  results  of  the  specimens  tested  in  this  program  and 
also  how  they  compare  with  the  load -deformat ion  ratios  investigated 
in  this  study.  Note  that  in  certain  instances  a  simplified  ratio  may 
compare  quite  favorably  with  the  test,  but  the  only  consistently  favorable 
agreement  was  obtained  using  load-deformation  ratios.  The  following 
sections  define  the  approximate  ratios  used  and  show  specific  examples. 

The  resulting  ultimate  applied  load  ratios  are  tabulated  for  comparison 
with  the  load-deformation  and  test  results. 

9.2.1  BENDING  SPECIMENS * 

Pour  approximate  procedures  for  obtaining  applied  load  ratios 
were  investigated. 

(a)  Material  properties  reduction  only  where  the  yield  stress 
(Fty  or  Fcy)  of  the  hottest  element  was  compared  with 
the  room  temperature  yield  stress  of  the  element. 

(t)  Material  properties  reduction  only  where  the  bending 
stiffness  (El)  of  the  cross-section  at  temperature  is 
compared  with  the  room  temperature  El. 

(c)  A  somewhat  more  realistic  use  of  basic  material  properties 
alone  where  the  yield  stress  (F^  or  F  )  of  each  element 
in  the  cross-section  is  considered  by  con^aring  2^yn  An  jrn 
at  temperature  with  2*Fyn  An  yn  at  room  temperature. 

(d)  Material  properties  reduction  plus  the  elastic  sum  of  the 
applied  and  thermal  stresses  compared  to  the  yield  stress 
of  the  critical  extreme  fiber  compression  element. 

The  methods  used  for  cases  (a)  through  (d)  above  ere  demonstrated  in 
the  example  below  using  data  from  bending  specimen  B-3.  For  case  (a) 
the  room  temperature  Fy  and  critical  elevated  temperature  Fy  are 
77750  psi  and  20600  psi,  respectively.  The  applied  load  ratio  is 
R  =  ^  3.81.  The  yield  stresses  are  from  Fi0.  7 .llf  and  include  all 

elevated  temperature  effects  involved  with  the  temperature -time  history. 
Tnis  procedure  docs  not  allow  for  the  presence  of  thermal  stresses 
but  is  considerably  over-conservative  for  all  six  specimens  as  shown 
in  Fig.  9.5.  . 
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For  case  (b)  the  bending  stiffness  parameters  (El)  at  room  and 
elevated  temperature  are  96.5  x  10®  and  70*8  x  10®,  respectively. 

The  applied  load  ratio  is 

96.5  X  106 

R  "  70.8  x  106  =  1'363, 

This  procedure  does  not  account  for  thermal  stresses  and  provides  a 
very  unconservative  estimate  of  the  applied  load  ratio  as  shown  by 
the  comparison  in  Fig.  9.5  .  However,  the  highly  unconservative 
margin  in  this  case  is  not  attributed  to  neglecting  the  thermal  stresses. 
The  failure  of  specimens  of  this  type  is  primarily  a  function  of  the 
yield  stress  of  the  material  which  has  sustained  a  marked  decrease 
not  only  due  to  the  test  temperature,  but  also  because  of  the 
previous  elevated  temperature  history.  The  modulus  of  elasticity  of 
the  material  does  not  decrease  as  sharply  with  temperature  and  is 
relatively  unaffected  by  previous  elevated  temperature  history.  The 
effects  of  the  reduction  of  Fy  are  much  more  influential  in  this  case 
than  either  the  thermal  stresses  or  the  reduction  of  E  with  temperature, 
therefore,  the  use  of  El  ratios  would  be  a  very  poor  choice  for  test 
simulation. 

Case  (c)  is  a  more  realistic  approach  to  an  approximate  applied 
load  ratio  considering  material  properties  alone.  The  calculations 
for  defining  the  psuedo -yield  moment  values  are  shown  in  the  following 
■  table. 


ELEMENT 

NO. 

A* 

iyil^R.T.  ^VTr.T. 

(FynAr7n)R<T> 

(yn)EtT. 

^Vn^E.T. 

(FynAnyn)E>T. 

1 

0.625 

1.9375  -77750 

-94,200 

1.9385 

-20600 

-29,450 

2 

0.125 

1.9375  -77750 

-18,820 

1.9385 

-29550 

-  7,160 

3 

0.2806 

1.782  -72675 

-36,300 

1.783 

-29650 

-14,830 

4 

O.386 

1.5875  -72675 

-44,500 

1.5885 

-31250 

-19,150 

5 

0.2804 

0.75  -72675 

-15,280 

0.751 

-34000 

-  7,160 

6 

0.2804 

0  72675 

0 

0.001 

-34750 

10 

7 

0.2804 

-0.75  72675 

-15,280 

-0.749 

34750 

-  7,310 

8 

0.386 

-1.5875  72675 

-44,500 

-1.5865 

31750 

-19,450 

9 

0.2806 

-1.782  72675 

-36,300 

-1.781 

29450 

-14,710 

10 

0.125 

-1.9375  77750 

-18,820 

-1.9365 

28650 

-  6,940 

11 

0.625 

-1.9375  77750 

-94,200 

-1.9365 

20600 

-24,930 

2 

-418,200 

-146,600 

The  element  yield  stresses  in  the  above  table  are  from  Fig.  7.14  and 
include  the  effects  of  a  previous  temperature  history.  The  applied 
load  ratio  is 

B-  -1‘l8.g00  .  2.853 

-lli6,6oo 
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Although  this  procedure  does  not  allow  for  the  presence  of  thermal 
stresses,  the  comparison  table  of  Fig.  9*5  shows  this  procedure  to  be 
quite  conservative  in  all  cases.  Comparison  of  these  ratios  with  the 
test  ratios  also  indicates  that  the  reduction  in  bending  strength  is 
predominantly  a  function  of  the  yield  stress.  However,  these  results 
should  not  be  interpreted  to  establish  the  relative  importance  of 
material  properties  and  thermal  stresses  since  the  material  property 
reduction  is  exaggerated  by  extreme  elevated  temperature  histories  prior 
to  testing.  Considerable  variation  in  the  relative  importance  of 
material  properties  and  thermal  stresses  in  a  realistic  design 
situation  can  be  expected  when  severe  temperature  history  environments 
affect  the  recovery  of  basic  material  properties. 


Case  (d)  reflects  the  reduction  of  material  properties  plus  the 
elastic  sum  of  the  applied  and  thermal  stresses.  The  allowable  applied 
stress  is  considered  to  be  the  difference  between  the  yield  stress  of 
the  critical  extreme  fiber  element  and  the  thermal  stress  on  that 
element  where 


(^ap) allowable  =  *y  “  *T 

From  this  allowable  extreme  fiber  stress  a  psuedo -allowable  elevated 
temperature  bending  moment  is  calculated  by 

M  »  (Fap)  allowable  (EI) 

7m 


A  value  of  M  is  also  calculated  for  ■ 
expression  for  comparative  purposes. 
-20600  +  8130*=  -I2U70  psi  and 


room  temperature  by  the  some 

For  specimen  B-3,  (Fap)  allowable  = 


-12^70  (70.8  x  106) 
1.9385  (6.8  x  106) 


=  -67000  in. -lbs. 


The  room  temperature  moment  calculated  on  the  same  basis  is 


-77750  (96.5  X  106) 
1.9375  (10.0  x  10^) 


-387,000  in. -lbs. 


and  the  applied  load  ratio  for  the  cross-section  is 
R  -  ^§L000  ,  5>7T5. 

-67,000 

The  results  for  all  specimens  are  summarized  in  the  table  in 
Fig.  9.5  and  compared  with  the  actual  test  ratio  and  the  load -deformat ion 
procedure  investigated  during  this  study.  Note  that  the  use  of  the 
hot  element  yield  stress  ratio  produces  an  over-conservative  estimate 
of  the  applied  load  ratio  which  is  due  primarily  to  the  fact  that  no 
allowance  is  made  for  cooler  elements  in  the  cross-section  which  have 
higher  yield  stress  values.  Consequently,  even  greater  conservatism 


*  From  IBM  calculations  for  Specimen  13-3 • 
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is  noted  in  the  applied  plus  thermal  stress  ratio  due  to  the  addition 
of  the  thermal  stresses.  This  indicates,  when  compared  with  the  test 
ratios,  that  the  primary  effect  is  the  reduction  of  material  properties 
and  the  thermal  stresses  have  little  effect  on  the  failing  bending 
moment.  This  is  further  shown  by  the  generally  good  agreement  between 
the  load -deformat ion  procedure  and  the  test  values.  The  load-deformation 
procedures  place  proper  emphasis  on  the  reduction  of  material  properties 
and  on  the  thermal  stresses  which,  as  may  be  seen  in  Fig.  9*5> 
become  more  important  as  higher  temperatures  and  steeper  temperature 
gradients  are  encountered. 
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9.2.2  SHORT  COLUMN  SPECIMENS 

As  in  Section  9*2.1,  four  approximate 
procedures  for  obtaining  applied  load  ratios 
were  investigated, 

(a)  Material  properties  reduction  using 
only  the  yield  stress  of  the  hottest 
element  con^ared  with  the  room  tempera¬ 
ture  yield  stress, 

(b)  Material  properties  reduction  using 
axial  stiffness  as  parameter  where 
ZEnAn  at  elevated  temperature  is  com¬ 
pared  with  that  at  room  temperature. 

(c)  More  realistic  use  of  material  properties 
where  2^yn  An  at  elevated  temperature  is 

compared  with  that  at  room  temperature, 

(d)  Material  properties  plus  the  elastic 
sum  of  the  applied  and  thermal  stresses 
compared  to  the  yield  stress  of  the 
critical  element* 

(a)  through  (c)  have  no  allowance  for  thermal 
stresses  while  (d)  considers  only  the  elastic 
stresses  on  the  critical  element. 

The  limited  data  shown  in  Figure  9.6  shows 
results  similar  to  those  in  Figure  9.5  for  the 
bending  specimens*  Method  (a)  is  considerably 
over-conservative  since  it  does  not  allow  for  other 
elements  in  the  structure  which  may  have  higher 
yield  stresses.  Method  (b)  is  quite  unconservative 
since  the  modulus  of  elasticity  is  relatively 
unaffected  by  severe  temperature  exposure  histories 
as  to  recovery  of  material  properties.  The  use  of 
£fy„  An  produces  somewhat  more  realistic  applied 

load  ratios  on  a  simplified  basis,  but  still  some¬ 
what  conservative  in  many  cases.  This  indicates 
the  major  effect  to  be  produced  by  the  variation 
in  yield  stress  with  temperature  through  the 
cross-section  for  an  ultimate  load  comparison. 
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The  use  of  applied  plus  thermal  stresses  on  the 
critical  element  is  considerably  over-conservative, 
primarily  because  the  elastic  stresses  are  consid¬ 
ered  on  the  critical  element  only  where  no 
allowance  is  made  for  other  elements  in  the  cross- 
section. 

As  for  the  bending  specimens,  the  load- 
deformation  ratios  are  generally  the  most  realistic 
but  still  tend  to  produce  slightly  conservative 
results  in  most  cases.  In  the  design  case,  the 
use  of  MIL-HDBK-5  material  properties  would  ensure 
conservatism  in  the  majority  of  cases.  Using 
material  properties  defined  by  tensile  coupon 
tests  the  load-deformation  ratios  compare  most 
favorably  with  the  test  results  since  the  load- 
deformation  procedures  place  proper  emphasis  on 
the  factors  affecting  both  room  temperature  and 
elevated  tenperature  strength. 
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10.0  FASTENER  EVALUATION 

Fabrication  of  all  bending,  thermal  cycling,  and  short 
column  specimens  incorporated  either  NAS  464  close  tolerance 
bolts  or  HS52P  close  tolerance  Hi -Shear  rivets.  All  long 
column  specimens  were  fabricated  using  NAS  464  close  tolerance 
bolts.  This  type  of  fastener  was  selected  primarily  to 
preclude  any  fastener  failures  which  would  interfere  with 
the  primary  purpose  of  the  test;  i.e.,  to  define  the  load- 
deformation  curve  of  a  given  cross-section  in  a  given 
temperature  environment.  Close  tolerance  fasteners  were 
required  since  the  combination  of  bolt  spacing  and  tolerances 
on  standard  bolts  and  drilled  holes  could  conceivably  exceed 
the  temperature  expansion  strain  (oAT)  of  the  cover  plate 
elements  and  possibly  reduce  the  thermal  stresses  in  the 
cross-section.  For  purposes  of  this  study  it  was  essential 
that  the  thermal  stresses  be  as  high  as  practicable. 

For  the  small  amount  of  buckling  strain  data  involved 
and  only  two  bending  and  two  short  column  specimens  there 
was  an  indication  that  the  Hi-Shear  rivets  may  have  produced 
slightly  better  edge  conditions  than  the  bolts  installed 
with  a  normal  installation  torque  of  about  70  in. -lbs. 

However,  the  difference  was  small  (K  =  4.3  to  about  K  «  4.9) 
and  the  data  from  both  bending  and  compression  specimens 
indicated  that  this  difference  was  more  likely  due  to  the 
type  of  loading  where  the  bending  radius  of  curvature,  inward 
skin  panel  buckling,  and  slight  rolling  of  the  channel  flanges 
tended  to  reduce  the  edge  restraint  slightly  for  the  compres¬ 
sion  covers  of  the  bending  specimens.  Therefore,  it  may  be 
concluded  that  the  use  of  rivets  or  bolts  for  the  same 
spacing  had  a  negligible  effect  on  the  panel  edge  restraint 
conditions. 

The  conparison  of  calculated  and  test  load-deformation 
curves  and  random  spot-checking  of  some  thermal  strain  data 
(no  applied  load)  indicates  the  joints  to  be  fairly  tight, 
allowing  the  cross-section  to  deform  as  an  integral  structure. 
In  evaluating  all  of  the  bending  specimens  no  particular 
trend  was  noted  as  to  deviation  of  calculated  load-deformation 
curves  with  the  test  curves  for  any  type  of  fastener. 

No  evaluation  of  joint  conductance  was  made  nor  con¬ 
sidered  necessary  to  achieve  the  objectives  of  these  tests. 
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11.0  PROCEDURE  FOR  STATIC  TEST  COMPONENTS 

Basically,  the  load-deformation  procedures  described 
in  this  report  are  a  cross-sectional  analysis  and  would 
apply,  typically,  to  a  wing,  stabilizer,  or  fuselage  station* 
The  methods  are,  at  present,  confined  to  the  simulation  of 
tests  where  bending  and/or  axial  load  are  the  primary  modes 
of  failure.  Shear,  torsion,  and  combined  load  failures  are 
precluded,  but  further  studies  should  investigate  these 
effects,  both  singly  and  in  combination*  In  defense  of 
what  might  appear  to  be  an  over-simplification,  it  should 
be  noted  that  a  large  number  of  static  test  major  structural 
failures  are  either  tension,  or  compression  instability 
collapse  where  the  tension  and  compression  are  produced  by 
bending  or  combined  bending  and  axial  load*  This  loading 
is  particularly  true  of  missiles,  and  the  use  of  room 
temperature  simulation  is  particularly  amenable  to  missiles, 
or  missile  sections,  where  extremely  severe  temperature 
environments  may  be  encountered. 

In  order  to  perform  the  elevated  temperature  static 
test  at  room  temperature  using  applied  load  ratios  it  is 
first  necessary  to  obtain  the  load-deformation  and  permanent 
set  curves  for  a  number  of  cross-sections  along  the  span  of 
the  conponent*  These  curves  are  obtained  for  both  the  design 
elevated  temperature  condition  and  for  room  temperature. 

The  methods  of  Section  3*0  (or  similar  methods  using  strain 
design  techniques)  are  employed  to  obtain  the  necessary 
curves  for  defining  the  applied  load  ratios.  This  does  not 
inply,  however,  that  large  numbers  of  separate  calculations 
need  to  be  made  at  the  structural  test  phase  of  a  vehicle 
program.  Methods  such  as  those  in  Section  3*0  actually 
represent  the  design  analysis  tool  which  should  be  used  at 
the  design  phase  of  the  vehicle  program,  iri  which  case  the 
design  elevated  temperature  condition  curves  would  already 
be  available.  Since  methods  of  this  type  require  high 
speed  digital  computers  for  solution  anyway,  it  is  a  rela¬ 
tively  sinple  matter  to  change  material  properties  to  the 
room  temperature  values  and  recalculate  the  critical  cross- 
section  or  cross-sections  to  obtain  the  room  temperature 
curves. 

From  the  design  analysis  the  critical  cross-section  is 
selected  and  the  applied  load  ratios  obtained  for  ultimate 
load,  yield  load  (permanent  set),  and  for  any  other  design 
criteria  required  to  substantiate  the  structural  integrity 
of  the  conponent.  These  multiplying  factors  are  applied 
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to  the  loads  and/or  moments  for  the  original  design 
condition  to  obtain  the  loads  and  spanvise  load  distribution 
for  the  simulated  test  at  room  temperature* 

It  may  be  that  several  critical  cross-sections  need 
to  be  investigated  since  some  variation  in  design  condition 
may  exist*  It  is  also  possible  that  a  given  cross-section 
which  is  critical  for  ultimate  load  may  not  be  the  critical 
cross-section  for  yield  or  permanent  set  criteria*  In  this 
case  it  would  be  necessary  to  base  the  ultimate  applied 
load  ratios  on  one  cross-section  and  yield  applied  load 
ratios  on  another* 

Since  an  increase  in  applied  loads  (such  as  air  loads) 
is  involved,  the  net  effect  is  an  overall  increase  in  shear, 
bending  moment,  and  torque  on  any  given  surface  at  room 
temperature*  The  attendant  increase  in  shear  stresses 
should  be  investigated  to  ensure  that  no  premature  or  undue 
shear  failures  will  occur  at  the  higher  loads  on  the  room 
temperature  structure* 

This  procedure  may  work  well  for  establishing  overall 
strength  and  rigidity  for  large  components  in  extreme 
temperature  environments  but  does  not  preclude  the  testing 
of  specific  splices,  fittings,  small  conponents,  etc*  at 
elevated  temperature.  Some  fastener  evaluation  at  elevated 
temperature  may  also  be  required  to  support  the  simulated 
elevated  temperature  program  at  room  temperature  * 
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12*0  CONCLUSIONS  AND  RECOMMENDATIONS 

Generally,  it  may  be  concluded  that  within  the  limits 
of  this  study  the  simulation  of  elevated  temperature  static 
tests  at  room  temperature  may  be  performed  in  a  satisfactory 
manner  if  the  room  temperature  and  elevated  temperature 
load-deformation  curves  are  defined  on  a  compatible  basis. 
Considering  the  necessity  of  obtaining  accurate  strain  and 
deflection  data  in  a  severe  elevated  temperature  environment 
where  the  temperature  distribution  may  be  inaccurate,  it 
may  be  that  the  room  temperature  test  would  be  more  reliable, 
produce  more  accurate  data,  and,  at  the  same  time,  be 
considerably  more  economical  than  the  elevated  temperature 
test. 

From  the  standpoint  of  design,  analysis,  and  test  the 
problem  of  material  properties  and  material  property  evalua¬ 
tion  is  most  important,  particularly  for  aluminum  alloy. 
Complex  temperature  exposure  histories  producing  permanent 
losses  of  material  properties  must  be  accounted  for  in  the 
design  of  airframes.  Data  from  Reference  (  e  )  presents 
an  excellent  means  whereby  accumulated  time -temperature 
histories  can  be  considered.  It  is  recommended  that  the 
basic  principles  and  procedures  of  Reference  (  e  )  be 
expanded  to  consider  other  structurally  important  materials 
for  aircraft,  missiles  and  space  vehicles.  In  addition. 

At  was  noted  that  for  strain-sensitive  problems  such  as 
thermal  cycling  and  fatigue  (room  temperature  and  elevated 
temperature)  the  shape  of  the  stress-strain  curve  and  more 
precise  definitions  of  yield  stress  are  important.  It  should 
be  noted  that  the  7075-T6  aluminum  alloy  used  in  this  study 
behaved  in  a  stable,  uniform,  and  fairly  predictable  manner 
at  temperatures  of  450°F,  for  short  times  even  when  previous 
temperature  exposure  histories  at  48.0 °F,  severely  affected 
the  basic  properties. 

It  appears  that  strain  design  procedures  used  to  define 
load-deformation  characteristics  could  include  fatigue 
effects  if  some  parameter  related  to  overall  deformation 
(strain)  could  be  derived  or  defined  by  fatigue  studies  at 
a  more  basic  level;  i,e,,  studies  associated  with  the  basic 
mechanism  of  fatigue. 
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Additional  studies  considered  important  in  the 
structural  evaluation  and  test  phases  are  associated  with 
shear  stresses  and  more  optimum  use  of  matrices  to  more 
fully  evaluate  the  problems.  The  shear  stress  distribution 
in  beams  with  inelastic  bending  stresses  present  may  be  of 
particular  importance  in  shallow,  thick  spar  webs.  Pre¬ 
liminary  calculations  have  indicated  a  considerable  rise 
in  shear  stress  near  the  neutral  axis  in  thick  sections. 

In  certain  materials  this  could  be  quite  serious  and  some 
investigation  should  be  considered  where  a  combined  analytical 
and  experimental  program  could  be  performed  to  evaluate  the 
seriousness  of  the  problem  and  provide  procedures  similar 
to  those  shown  in  this  report  for  design  and  test  evaluation. 
In  addition,  the  inclusion  of  inelastic  effects  in  more 
optimum  matrix  procedures  for  indeterminate  structures  would 
allow  large  numbers  of  elements  to  represent  more  realis¬ 
tically  an  entire  structure.  This  would  eliminate  the 
assumption  of  plane  sections  used  in  this  report  and  allow 
evaluation  of  more  complex  structures  where  cutouts, 
sweepback,  varying  spanwise  and  chordwise  temperature 
distributions,  and  other  factors  add  to  the  complexity  of 
the  problem.  Generally,  the  aim  is  to  extend  the  cross- 
section  analysis  procedures  shown  in  this  report  to  include 
entire  structural  component:  \ 

Some  consideration  should  also  be  given  to  defining 
permanent  buckling  criteria,  particularly  for  structures 
operating  in  severe  non-uniform  temperature  environments 
where  initial  buckling,  and,  consequently,  permanent  buckling 
ere  directly  affected  by  the  presence  of  temperature-induced 
strains  (thermal  stresses). 

Another  factor  related  to  the  design  of  elevated 
temperature  vehicles  is  that  a  more  sound,  rational  basis 
must  be  established  for  material  comparison  and  selection. 
Short  time  material  properties  at  temperature  are  not 
necessarily,  indicative  of  the  best  material  in  any  given 
temperature  environment  and  are  wholly  inadequate  as  a 
criterion  when  the  mission  profile  and  mission  variations 
ere  considered.  Of  immediate  secondary  importance  to  the 
short  time  properties  is  a  knowledge  of  the  elongation  of 
the  material,  not  only  in  the  longitudinal  direction,  but  in 
the  transverse  and  short  transverse  directions  as  well. 

Creep  and  material  recovery  properties  for  temperature  and 
load  exposure  histories  for  some  expected  life  of  the  vehicle 
must  be  considered.  24aterial  properties  alone  do  not  define 
the  problem,  but  a  strength  and  deformation  analysis  of 
representative  sections  of  the  vehicle  could  be  made  to  more 
fully  evaluate  the  materials  under  consideration. 
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Although  this  study  vas  primarily  concerned  vith  static 
test  simulation  at  room  temperature,  another  possibility 
arises  which  may  he  equally  important*  Using  the  load- 
deformation  procedures  the  static  tests  could  be  performed 
in  some  lesser  temperature  environment  than  the  actual 
temperature  environment  (not  necessarily  at  room  temperature) 
in  cases  of  extremely  severe  design  tenperature  conditions. 
For  some  future  vehicles  the  electrical  power  requirements 
for  heating  lamps  may  be  far  beyond  that  which  is  available 
in  many  existing  structural  test  laboratories  at  the  present 
time*  In  addition,  it  would  be  uneconomical  to  attempt  to 
perform  elevated  temperature  tests  in  temperature  environ¬ 
ments  beyond  the  state-of-the-art  for  strain  measuring 
devices. 

Assuming  that  it  is  considered  necessary  to  perform 
the  elevated  temperature  static  test  in  the  actual  design 
temperature  environment,  the  temperature  distributions 
through  the  cross-section  must  be  maintained  as  well  as  the 
surface  temperatures  nearest  the  heat  source.  It  is 
unlikely  that  these  distributions  can  be  easily  maintained 
within  acceptable  limits  considering  variations  in  conduc¬ 
tivity  and  additional  heat  sinks  provided  by  loading  Jigs, 
etc.  Therefore,  the  load-deformation  techniques  could  be 
employed  to  determine  load-deformation  curves  for  the 
theoretical  and  test  temperatures  and  tenperature  distri¬ 
butions  to  define  whether  the  test  had  adequately  verified 
the  structural  integrity  and  permanent  set  characteristics 
of  the  component. 


NORTH  AMERICAN  AVIATION,  INC. 

COIUMDUS  DIVISION 
COLUMBUS  16,  OHIO 


APPENDIX  A 
TEST  DATA 


NA62H-973 
Page  204 


Stress,  psl  x  10" 


North  American  Aviation,  Inc.  ma/,h  07, 

COLVM  DUS  DIVISION  NA0cn—y  (i 

Pape  20 


COLUMBUS  tC.  OHIO 


FIGURE  A, 1.1 


TENSILE  COUPON  STRESS  -  STRAIN  CURVE 
BASIC  ROOM  TEMPERATURE  PROPERTIES 


SiiiiUHi 


■pda 

■Hunni 

B— I 


Coupon  No.  2.-3, 

Material  ?C?5-T6  Raiv _ 

Thickness  0.187  inc; 

Te  6 1  Temperature  R .  T . 
Temperature  -  Time  History 
Room  Tenner a ture 


.003  Off 


0  s  006 


0.012 


O.Olo 


Q.02Q 


T.024 


Strain,  in. /in. 


tvMi'Wg**  >»•  w^T-.r«r>ai-C'  LJ  .  ^  a 


Stress,  psl  x  10 


North  American  Aviation.  Inc.  ma.  _ 

COLUMBUS  DIVISION  NA62H— ' 973 

_ COLUMBUS  16.  OHIO  Pa^e  20o 

FIGURE  A. 1.2 


TENSILE  COUPON  STRESS  -  STRAIN  CURVE 
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TENSILE  COUPON  STRESS  -  STRAIN  CURVE 
BASIC  ROOM  TEMPERATURE  PROPERTIES 


Stress,  psi  x  10" 


North  American  Aviation.  Inc.  «kfaH  q7, 

COLUMBUS  DIVISION  «nU4Il*'7  / J 

_ COLUMBUS  10.  OHIO  Pa,p;e  20O 


FIGURE  A.1.4 


TENSILE  COUPON  STRESS  -  STRAIN  CURVE 

RECOVERY  OF  ROOM  AND  ELEVATED  TEMPERATURE  MATERIAL 
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FIGURE  A.1.5 

TENSILE  COUPON  STRESS  -  STRAIN  CURVE 

RECOVERY  OF  ROOM  AND  ELEVATED  TEMPERATURE  MATERIAL 
PROPERTIES  AFTER  EXPOSURE  TO  ELEVATED  TEMPERATURE 


0.00'4 


Ultimate! 


5-5  J 

.R.T . )  | 


/rctf  ct, 


Ultimate ■ 


-  7-1'  Coupon  No. 5-5, 5-9, 5-^5, 7-L\ 7-10 

>00 f)  Material  7075-TS  _ 

Thickness  0.125  Inch 
Test  Temperature  7ot[)d 

_  Temperature  -  Time  History: 

2  hours  at  350°F  and  1  [?.  hour 
at  450°F. 


O.OOP  Off si t  Yield 


O.Olo 


0.020 


0.024 


Strain,  in. /in. 


S  *TI  *•*.*,  .-.'JJiW  * *»*  V4M.  m  RA  \  w S\-tr  ’«>  /V  .  „■*  „■>.* 


rOMM  H  - 1  0  ■  C  •  I 
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Columbus  ic.  ohio  Paf*e  210 


North  American  Aviation.  Inc.  n»45u  q7, 

COLUMBUS  DIVISION  n«wn*7  w 

COLUMBUS  to.  OHIO  Pase  211 
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FIGURE  A,1.8 


COMPRESSION  STRESS- STRAIN  CURVE 
RECOVERY  OF  ROOM  TEMPERATURE  MATERIAL  PROPERTIES 
AFTER  EXPOSURE  TO  ELEVATED  TEMPERATURE 


All  coupons  obtained  from 
tensile  coupon  1-10. 

Tensile  Coupon  1-10 
(Ref.) 


Compression  Coupon  Areas 
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FIGURE  A.1.9 

COMPRESSION  STRESS-STRAIN  CURVE 
RECOVERY  OF  ROOM  TEMPERATURE  MATERIAL  PROPERTIES 
AFTER  EXPOSURE  TO  ELEVATED  TEMPERATURE 

All  coupons  obtained  from 

tensile  coupon  $-$.  _  , 

Tensile  I 

(Ref.) 


Compression  Coupon  Areas 


Stress 


Microstrain  x  10' 


TEST  DATA 
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Microstrain 


Figure  A. 2.3 

Both  Covers  Heated 

Temperature;  250°F _  Bgtensometer  Data  _ Bending  Beam  B-4 
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North  Amcx.ca.-i  wiation.  Inc. 


COLVM'jy  ;  t* ; .  »5IC\W 

COlumou.:  io.omo 


Microstrain  x  10“^ 


North  America •>  Aviation,  Inc,  KA62H-973 

col  Pace  218 

COLUMUU::  u.  «»fjo 


•Iicrostrain  x  10“3 


-  „  .  j  Figure  A.2. 5 

Compr.  Cover  Eeated 

Temperature:  450°F  Strain  Gage  and  Ertensoaieter  Data  '  Bending  Beam  B-o 
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t»*  •  .'.tnrrjc  ?rv- ir.v . ■* 


Kicro  strain  x  10 


North  Ahei.-h/ 

COLUMfiU  ; 


AVIATION. 


Inc. 


Oi-iiO 


NA62H-973 

Pago  220 


Microstrain  x  10 


Microstrain  x  10~3 


Temperature:  Ambient 
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Microstrain  x  10*3 
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TEST  DATA 
Hgure"T,2 .9 
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( 


Load 

(kips) 


t 
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COLUMBUS  16.  OHIO  raBe  225 


Micros  train  x  3.0“^ 


NORTH  AMER  C;.'  V/IATION.  INC. 

to*  JMUO  . 
coLUMM.r*  .  cKio 

>K>w»  H»>. \***ff+*-A  —  •■- r  n<WIH>y  111  /  II  Ifci. 
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Figure  A. 2. 13 


Temperature:  250  F  Unsymmetrical 


Column  A- 5 


n 


■H 


Load 

(kips) 


1)W 


Milmi 


m 

■Ml 

■l^p 


liicrootrain  x  10 
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TE3T  DATA 
Figure  A. 2.16 

Temperatures  250°F.  Symmetrical  Column  C-3 


*2-1012 
Micros train  x  10"3 


NORTH  AMFI:  Zf 

COI.  ot 
COLUMOl' 


•  Wiation,  Inc. 

■.:<!!  DM 

CHID  s 
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TEST  DATA 
figure  A.2.17 


Temperature:  250°F.  Unsyimnetrical  Column  C-4 


Microstrain  x  10“3 


fOfl M  H  la.Q  I 


••  , 
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TEST  DATA 
figure  A* 2. 18 


* 


Load 

(kips) 


Temperature:  Symmetrical  Column  C-5 


Microstrein  x  1(t3 


fOHM  M  in.n.i 


:•  w*v.;  xJ^rr  \  .^r**-*. -  vv-i.-j  .>  -er 


■  .-»»  o  «■**  „ 
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TEST  DATA 
SPECIMEN  B-9 

UN  SYMMETRIC  AL  HEATING  -  COMPRESSION  COVER  HOT 


Temperature:  450°F 


Heat  Load 
Cycle  (Pounds) 


MICROSTRAIN 


2,000 

2,000 

5,000 


ibient 

450 

- 

450 

+  540 

450 

+1,450 

450 

+2,450 

450 

+3,690 

450 

+3,930 

450 

+4,160 

450 

+4,300 

450 

+4,670 

450 

+4, 850 

450 

+5,160 

450 

+5,630 

120 

+4,790 

+  530 
+1,510 
+2,480 
+3,480 
+3,600 
+3,790 
+4,050 
+4,240 


-  560 

-  1,550 

-  2,760 

-  4,740 

-  5,470 

-  6,080 

-  7,000 

-  8,160 

-  9,000 

-  9,960 
-12,380 
-13,400 
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TEST  DATA 

SPECIMEN  B-ll 

SYMMETRICAL  HEATING 

Temperature:  250°F 

Heat 

Cycle 

Load 
[Pounds ) 

Control. 

MICROSTRAIN  | 

Elapsed 

Time 

(Min.) 

Extenso- 
meter  #2 

listen  so¬ 
me  ter  #3 

Extenso- 
meter  irk 

Extenso- 
neter  ?5 

1 

2,000 

5,000 

10,000 

15,000 

20,000 

25,000 

30,000 

32,000 

34,000 

36,000 

37,000 

37,000 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

250 

+  500 

+1,350 

+2,090 

+2,850 

+3,630  ! 

+4,470 

+4,790 

+5,400 

+5,530 

+5,730 

+8,500 

+  580 
+  1,330 
+  2,150 
+  3,040 

+  3,930 
+  4,880 
+  5,500 

+  5,890 
+  6,400 
+  6,660 
+21,180 

-  490 

-  1,240 

-  1,930 

-  2,480 

-  3,280 

-  4,190 

-  4,640 

-  5,200 

-  5,820 
-  6,170 
-10,070 

-  500 

-  1,300 

-  2,070  ! 

-  2,890 

-  3,850 

-  5,110 

-  5,740 

-  6,510 

-  7,470 

-  8,060 
-14,810 

2 

2 

37,000 

37,000 

250 

+77TT6 

+8, 61C 

+  8,560 
+20,900 

-10,980 

-10,380 

-16, 7 Vo 
-11,020 

4 

3 

~5?,ooo 

37,000 

126 

250 

+7,190 

+8,710 

+  7,120 
+18,510 

-11,180 

-10,590 

-16,980 

-15,670 

5 

4 

37,000 

37,000 

120 

250 

+7,286 

+8,750 

+  6,770 
+18,790 

-11,420 

-10,800 

-17,240 

-15,850 

6 

5 

37,000 

37,000 

120 

250 

+7,330 

+8,780 

+  6,730 
+20,760 

-11,620 

-10,940 

-17,460 

-16,070 

_ 2 _ 

6 

2,000' 

5,000 

10,000 

20,000 

30,000 

36,000 

37,000 

38,000 

38,000 

120“ 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

250 

+1,660 
+  500 
+1,260 
+2,840 
+4,400 
+5,380 
+5,550 
+5,720 
+7,620 

+  730 

No  Reading 
+  1,360 
+  3,000 
+  3,180 
+  5,600 
+  5,750 
+  5,950 
+22,400 

-  5,880 
-  500 

-  1,350 

-  3,120 

-  4,820 

-  5,810 

-  5,950 

-  6,080 
-  5.940 

-10,870 

-  640 

-  270 

-  3,930 

—  6,110 

-  7,450 

-  7,680 

-  7,860 
-16,300 

.  8 

7 

38,000 

38,000 

120 

250 

+6,160 

+7,660 

+  7,210 
+18,890 

-  6,920 
-  6,270 

-  8,000 
-  5,920 

9 

8 

38,000 

38,000 

120 

250 

+6,2  40 
+7,690 

+  5,850 
+11,180 

-  7,070 

-  6,400 

-  8,260 
-  6,940 

10 

9 

"38,600 

38,000 

120 

250 

+6,340 

+7,790 

+  5,610 
+10,690 

-  7,210 
-  6,640 

-  8,540 

-  7,180 

11 

10 

38,000 

39,000 

39,000 

120 

120 

250 

+6,310 

+6,340 

+7,900 

I  +  5,110 

+  4,750 
+  9,350 

-  7,310 

-  7,340 

-  6,790 

-  8,940 

-  9,090 

-  7,830 

12 

11 

39,000 

39,000 

120 

250 

+6,5 80 
+8,010 

+  5,180 
+  9,470 

-  7,810 
-  7,330 

-  9,370 

-  8,340 

13 

12 

“79V000 

39,000 

IBH 

mm 

+  5,050 
+  8,650 

mm 

mXEzuiM 

llrMM 

14 

39,Oor. 

\mmm 

+  5,6 Co 

hbejs&S 

|  -10,510 

H-ie-G-i 
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TEST  DATA 

SPECIMEN  B-ll  (Continued) 
SYMMETRICAL  HEATING 


Neat 

Cycle 

Load 

(Poxmds) 

Control 

Temp. 

(°F) 

MICROSTRAIN 

Elapsed 
Time 
(Min. ) 

Exrtenso- 
meter  4 2 

Extenso- 
moter  #3 

Extenso- 
meter  44 

Extenso~ 
rceter  #5 

13 

39,000 

250 

+8,210 

+  8, 060 

-  7,880 

-  9,500 

16 

14 

39,000 

39*000 

120 

250 

+6,810 

+8,510 

+  5,120 
+  7,360 

-  8,761 
-  8,370 

-10,970 

-10,090 

19 

15 

39,ooo 

39,000 

120 

250 

+6,910 

+8,370 

+  4,450 
+  8,260 

-  9,410 

-  8,730 

-12,380 

-11,120 

20 

16 

39,000 

39,000 

120 

250 

“ +C950 
+8,440 

"+  5,080 
+  8,090 

-  9,^80^ 

-  8,900 

-12,660 

-11,440 

21 

-11. 

39,000 

39,000 

120 

250 

+6,960 

+8,540 

+  4,170 
+5,880 

-  9,690 

-  9,390 

-12,920 

-11,690 

22 

18 

39,000 

39,000 

120 

250 

+7,180 

+8,500 

+  280 
+  3,470 

-  9,970 

-  9,300 

-13,220 

-12,060 

23 

19 

59,ooo 

39,ooo 

120 

250 

+5,970 

+8,610 

-  840 

+  2,340 

-10,030 
-  9,440 

-13,740 

-12,330 

24 

20 

39,ooo 

40,000 

120 

250 

+7,120 

+8,910 

-  600 - 

+  4,350 

-10,280 

-10,210 

-13,860 

-12,980 

25 

21 

40,000 

40,000 

120 

250 

+7,470 

+9,150 

-11,500 

-11,570 

Msuimmm 

26 

22 

■ilwpf 

120 

250 

+7,620 

+9.060 

■UggaM 

■mil 

B USUIJM 

WBSOSSSM 

27 

m 

40,000 

40,000 

BS&fl 

+7,930 

+9,220 

+  1,920 

+  3,740 

-13,520 

-13,920 

-15,580 

-15,090 

26 

24 

1 

1 

+7,900 
+  470 
+1,220 
+2,740 
+4,280 
+5,520 
+5,690 
+5,870 
+8,210 

+  1,900 
+  550 
+  1,360 
+  3,070 
+  4,700 

+  6,040 
+  6,240 
+  6,400 
+13,720 

■  -14; 516“ 

-  490 

-  1,390 

-  3,300 

-  4,960 

-  6,230 

-  6,360 

-  6,500 

-  5,960 

-16,340 

-  ,  670 

-  1,830 

-  4,060 

-  6,200 

-  7,980 

-  8,180 

-  8,440 

-  7,010 

29 

25 

Kg'  jgi 

120 

250 

+6,470 

+8,310 

+  7,420 
+15,200 

-  6,950 

-  6,300 

-  8,990 

-  7,730 

30 

26 

£9 

+6,780 

+8,600 

+  9,780 
+17,110 

-  7,160 
-  6,390 

-  9,346 

-  8,560 

32 

27 

40,000 

40.000 

120 

-25-Q 

IBM 

+  7,320 
+16,250 

-10,000 
-  9,300 

33 

28 

40,000 

41,000 

WsM 

+6,990 

Failure 

WXB22M 

H-IB-G-1 
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TEST  DATA 

SPECIMEN  B-12 

0 

Temperature:  450  F 

SU1IETRICAL  HEATING 

Control 


MICROSTRAIN 


+  3,890 

+  680 

+  5,440 

+  5,090 

+  530 

+  5,440 

+  5,630 

-  450 

+  5,150 

+  6,660 

-  1,290 

+  4,180 

+  7,840 

-  2,140 

+  2,960 

+  8,580 

-  2,980 

+  2,430 

+  8,950 

-  3,530 

+  2,150 

+  9,410 

-  3,710 

+  1,830 

+10,020 

-  4,280 

+  1,130 

+10,750 

-  5,230 

+  690 

+11,260 

-  6,220 

0 

+12,030 

-  7,200 

-  570 

"57W 

1,720 


+  8,370 
+12,940 


-  9 

-  5 


-10,000 
-  6,010 
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Temperature  250°F 


Control 


2,000 
5,000  1 
10,000 
15,000 
20,000 
25,000 
30,000 
31,000 
32,000 

33,000 
34,000  Ambient 
35,000  Ambient 
36,000  Ambient 
37,000  Ambient 
38,000  Ambient 
39,000  Ambient 
40,000  Ambient 
41,000  Ambient 
42,000  Ambient 

35,000  250 


TEST.  DATA 
SPECIMEN  B-13 
SYMMETRICAL  HEATING 


KICR0STRAIN 


_ 

+  500 

-  530 

-  370 

+  1,230 

-  1,270 

-  1,260 

+  1,980 

-  2,000 

-  1,870 

+  2,810 

-  2,930 

-  2,720 

+  3,620 

-  3,800 

-  3,580 

+  4,390 

-  5,060 

-  4,650 

+  4,540 

-  5,340 

-  4,880 

+  4,710 

-  5,650 

-  5,190 

+  4,910 

-  6,020 

-  5,480 

+  5,120 

-  6,410 

-  5,790 

+  5,270 

-  6,890 

-  6,250 

+  5,48o 

-  7,370 

-  6,480 

+  5,670 

-  8,110 

-  6,880 

+  5,830 

-  8,540 

-  7,340 

+  6,030 

-  9,390 

-  7,910 

+  6,280 

-10,410 

-  8,580 

+  6,520 

-11,560 

-  9,i<40 

+  6,730 

-12,620 

-10,900 

+13,720 

-22,830 

-12,860 
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X-Y  Plotter  Showing  Load-Strain 
Curve  for  Typical  Tension  Coupon 
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Short  Columns  After  Failure  Typical  Setup  of  Bending  Beam 

at  Ambient  Temperature  During  Elevated  Temperature  Test 
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